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Preface 


This report presents DSN progress in flight project support. TDA research and 
technology, network engineering, hardware and softww*' implementation, and 
operations. Each issue presents material in some, but not all. of the following 
categories in the order indicated: 

Description of the DSN 

Mission Support 

Interplanetary Flight Projects 
Planetary Flight Projects 
Manned Space Flight Projects 
Advanced Flight Projects 

Radio Science 

Supporting Research and Technology 
Tracking and Ground-Based Navigation 
Communications, Spacecraft/Ground 
Station Control and Operations Technology 
Network Control and Data Processing 

Network Engineering and Implementation 
Network Control System 
Ground Communications 
Deep Space Stations 

Operations and Facilities 
Network Operations 
Network Control System Operations 
Ground Communications 
Deep Space Stations 
Facility Engineering 

In each issue, the part entitled “Description of the DSN" describes the func- 
tions and facilities of the DSN and may report the current configuration of one 
of the five DSN systems (Tracking, Telemetry. Command. Monitor and Control, 
and Test and Training). 

The work described in this report series is either performed or managed by 
the Tracking and Data Acquisition on mization of JPL for NASA. 


MUCEDINC PAGE blank 


JPL TECHNICAL REPORT 32-1526. VOL. XIX 


not filmw 


iii 




Contents 


DESCRIPTION OF THE DSN 

DSN Functions and Facilities 1 

N. A. Renzetti 

DSN Command System Mark 111-74 . 5 

W. G. Stinnett 

NASA Code 311 03 42 94 


MISSION SUPPORT 
Planetary Flight Projects 


Viking Mission Support 1C 

D. J. Mudgway and D. W. Johnston 
NASACode311 03 21 70 

Pioneer 10 and 11 Mission Support . 23 

R. B. Miller 

NASA Code 31103 21-20 

Summary Report on the Mariner Venus/Mercury 1973 Spacecraft/ 

Deep Space Network Test Program 25 

A. I. Bryan 

NASA Code 311 03 22 10 


SUPPORTING RESEARCH AND TECHNOLOGY 
Tracking and Ground-Based Navigation 

The Mariner Quasar Experiment: Part I 31 

M. A. Slade. P. F. MacDoran, 1. 1. Shapiro. D. J. Spitzmesser. J. Gubbay. 

A. Legg, D. S. Robertson, and L. Skjerve 
NASA Code 310 10 60 56 

Radio Interferometry Measurements of a 16-km Baseline 

With 4-cm Precision 36 

J. B. Thomas. J. L. Fanselow, P. F. MacDoran, D. J. Spitzmesser, 

and L. Skjerve 

NASA Code 310-10 60 50 


Improved Dichroic Reflector Design for the 64-m Antenna S- and 

X-Band Feed Systems .55 

P. D. Potter 

NASA Code 310-10-61-04 

Range Measurements to Pioneer 10 Using the Digitally Controlled 
Oscillator 63 

A. S. Liu 

NASA Code 310-10-60 50 


JPt TECHNICAL REPORT 321526, VOL XIX 


PRECEDING PAGE BLANK NOT FILMED 


V 



Contents (contti) 


S/X Open-Loop Receiver 71 

H. G. Nishimura 

NASA Code 31010 64-03 

X-Band Radar System .77 

R. L. Leu 

NASA Cede 310-10-64 01 

Communications, Spacecraft/Ground 

An Algorithm for the Computation of Linear Forms .82 

J. E. Savage 

NASA Code 310-20 67-08 

Radio Metric Applications of the New Broadband Square Law Detector . 89 

R. A. Gardner, C. T. Steizried, and M. S. Reid 
NASA Code 310-20-66-06 

Low-Noise Receivers: Microwave Maser Development . 93 

R. Clauss and E. Wiebe 
NASA Code 310-20-66 01 

System Noise Temperature Calibrations of the Research and 

Development Systems at DSS 14 .100 

M. S- Reid and R. A. Gardner 
NASA Code 310 20-66-06 

The Design and Performance of a Programmed Controller . .105 

0. B. Parham 

NASA Code 310-20-66-06 

Radio Frequency Performance of DSS 14 64-m Antenna at 3.56- and 

I. 96-cm Wavelengths 110 

A. J. Freiley 

NASA Code 310-20-65-03 

Optimal Station Location for Two-Station Tracking . . .116 

E. R. Rodemich 
NASA Code 310-20-78-08 

Station Control and Operations Technology 

Ban .‘width Selection for Block VI SDA 122 

R. B. Crow 

NASA Code 310-30-68-10 

Frame Synchronization Performance Analysis for MVM’73 Uncoded 
Telemetry Modes 126 

B. K. Levitt 

NASA Code 310 30 0-01 


vi 


JPL TECHNICAL REPORT 32-1526, VOL. XIX 



Contents (contd) 


DSN Research and Technology Support . .137 

E. B. Jackson 

NASA Code 310-30-69 02 

Design of a High-Speed Reference Selector Switch Module for the 

Coherent Reference Generator Assembly 141 

T. K. Tucker 

NASA Code 310-30-68 10 

Network Control and Data Processing 

A Scaled-Time Telemetry Test Capability for Sequential Decoding . . . 144 

S. Butman, J. Layland, J, MacConnell, R. Chernoff, N. Ham, and J. Wilcher 

NASA Code 310-40-72 02 


NETWORK ENGINEERING AND IMPLE ENTATION 
Network Control System 

NCS Standard Computer Interface Hardware, Its Timing and Timing 

Control Logic 152 

T. 0. Anderson 
NASA Coda 311-03-41-11 

Ground Communications 

High-Speed Data Outage Distribution - - 161 

J. P. McClure 
NASA Code 31 1 06-04-00 

Deep Space Stations 


Planetary Ranging - 165 

R. W. Tappan 

NASA Code 311-03-42-52 

Adjustable Tuner for S-Band High-Power Waveguide . 169 

J. R. Loreman 

NASA Code 311-03-14-21 

X-Band Antenna Feed " ■» Assembly. . . 173 

R. W. Hartop 

NASA Code 311-03-42-48 

Variable S-Band High-Power Tuner - 176 

H. R. Buchanan 

NASA Code 311-03-14-21 

JPL TECHNICAL REPORT 32-1526, VOL. XIX vii 



Contents (contd) 


A No-Load RF Calorimeter . - 179 

R. C. Chernoff 

NASA Code 311 03-14-52 

Dual-Carrier Preparations for Viking . . .186 

D. A. Bathker and D. W. Brown 
NASA Code 311 03-14 52 

Network Operations 

Computer Program Copy-Verify and Load Check System . .193 

R. Billings 

NASA Code 311-03-14 42 

Network Telemetry System Performance Tests in Support of the 

MVM’73 Project 196 

R. D. Rey and E. T. Lobdell 
NASA Code 31 1-03-14-52 

Deep Space Stations 


Analysis of Staffing and Training Policies for a DSN Tracking Station . . 20 '' 

A. Bahadur and P. Gottlieb 
NASA Code 311-03-13-30 

The DSN Hydromechanical Service Program— A Second Look .221 

R. Smith and 0. Sumner 
NASA Code 31 1-03-14-64 

Network Command System Performance Test Report for Mariner 
Venus/Mercury 1973 224 

B. Falin 

NASA Code 311-03 14-52 

Bibliography . . . 227 


viit 


JPL TECHNICAL REPORT 32-1526, VOL XIX 



DSN Functions and Facilities 

N. A. Renzetti 

Mission Support Office 


The objectives , functions, and organization of the Deep Space Network are 
summarized. The Deep Space Instrumentation Facility, the Ground Communica- 
tions Facility, and the Network Control System are described . 


The Deep Space Network (DSN), established by the 
National Aeronautics and Space Administration (NASA) 
Office of Tracking and Data Acquisition under the sys- 
tem management and technical direction of the Jet Pro- 
pulsion Laboratory (JPL), is designed for two-way com- 
munications with unmanned spacecraft traveling approxi- 
mately 16,000 km (10,000 mi) from Earth to planetary 
distances. It supports or has supported, the following 
NASA deep space exploration projects: Ranger, Surveyor, 
Mariner Venus 1962, Mariner Mars 1964, Mariner Venus 
67, Mariner Mars 1969, Mariner Mars 1971, Mariner 
Venus-Mercury 1973 (JPL); Lunar Orbiter and Viking 
(Langley Research Center); Pioneer (Ames Research 
Center); Helios (West Germany); and Apollo (Manned 
Spacecraft Center), to supplement the Spaceflight Track- 
ing and Data Network (STDN). 


The Deep Space Network is one of two NASA net- 
works. The other, STDN, is under the system manage- 
ment and technical direction of the Goddard Space Flight 
Center. Its function is to support manned and unmanned 
Earth-orbiting and lunar scientific and communications 
satellites. Although the DSN was concerned with un- 
manned lunar spacecraft in its early years, its primary 
objective now and into the future is to continue its 
support of planetary and interplanetary flight projects. 

A development objective has been to keep the network 
capability at the state of the art of telecommunications 
and data handling and to support as many flight projects 
as possible with a minimum of mission-dependent hard- 
ware and software. The DSN provides direct support of 
each flight project through that project's tracking and 
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data system. This management element is responsible for 
the design and operation of the hardware and software 
in the DSN which are required for the conduct of flight 
operations. 

Beginning in FY 1973 a modified DSN interface has 
been established with the flight projects. In lieu of the 
SFOF, a multimission Mission Control and Computing 
Center (MCCC) has been activated as a separate func- 
tional and management element within JPL. This func- 
tion, as negotiated with each flight project, will provide 
all computing and mission operations support for missions 
controlled from JPL. DSN computing support will be 
provided sepaiately by the DSN, Radio metric, telemetry, 
and command data interfaces with the DSN are a joint 
DSN, MCCC, and flight project responsibility. The 
organization and procedures necessary to carry out 
these new activities will be reported in this document 
in the near future. 

The DSN function, in supporting a flight project by 
tracking the spacecraft, is characterized by five network 
systems: 

(1) DSN Tracking System. Generates radio metric 
data; i.e., angles, one- and two-way doppler and 
range, and transmits raw data to mission control. 

(2) DSN Telemetry System. Receives, decodes, records, 
and retransmits engineering and scientific data 
generated in the spacecraft to Mission Control. 

(3) DSN Command System. Accepts coded signals 
from mission control via the GCF and transmits 
them to the spacecraft in order to initiate space- 
craft functions in flight. 

(4) DSN Monitor and Control System. Instruments, 
transmits, records, and displays those parameters 
of the DSN necessary to verify configuration and 
validate the network. Provides operational direc- 
tion and configuration control of the network and 
primary interface with flight project Mission Con- 
trol personnel. 

(5) DSN Test and Training System. Generates and 
controls simulated data to support development, 
test, training and fault isolation within the DSN. 
Participates in mission simulation with flight 
projects. 

The facilities needed to carry oik these functions have 
evolved in three technical areas: (1) the Deep Space Sta- 
tions (DSSs) and the telecommunications interface 


through the RF link with the spacecraft is known as the 
Deep Space Instrumentation Facility (DSIF); (2) the 
Earth-based point-to-poi* t voice and data communica- 
tions from the stations to Mission Control is known as 
the Ground Communications Facility (GCF); (3) the 
network monitor and control function is known as the 
Network Control System (NCS). 

I. Deep Space Instrumentation Facility 

A. Tracking and Data Acquisition Facilities 

A world-wide set of Deep Space Stations with large 
antennas, low-noise phase-lock receiving systems, and 
high-power transmitters provide radio communications 
w f ith spacecraft. The DSSs and the deep space communi- 
cations complexes (DSCCs) they comprise are given in 
Table 1. 

Radio contact with a spacecraft usually begins when 
the spacecraft is on the launch vehicle at Cape Kennedy, 
and it is maintained throughout the mission. The early 
part of the trajectory is covered by selected network 
stations of the Air Force Eastern Test Range (AFETR) 
and the STDN of the Goddard Space Flight Center. 1 
Normally, two-way communications are established be- 
tween the spacecraft and the DSN within 30 min after 
the spacecraft has been injected into lunar, planetary, or 
interplanetary flight. A compatibility test station at Cape 
Kennedy (discussed later) tests and monitors the space- 
craft continuously during the launch checkout phase. The 
deep space phase begins with acquisition by 26-m DSSs. 
These and the remaining DSSs listed in Table I provide 
radio communications until the end of the mission. 

To enable continuous radio contact u ith spacecraft, the 
DSSs are located approximately 120 deg apart in longi- 
tude; thus a spacecraft in deep space flight is always 
within the field-of-view of at least one DSS, and for 
several hou~s each day may be seen by two DSSs. Fur- 
thermore, since most spacecraft on deep space missions 
travel within 30 deg of the equatorial plane, the DSSs 
are located within latitudes of 45 deg north and south of 
the equator. All DSSs operate at S-band frequencies: 
2110-2120 MHz for Earth-to-spacecraft transmission and 
2290-2300 MHz for spacecraft-to-Earth transmission. An 
X-band capability is being readied for future missions 
beginning in 1973. 


J The 9-m (30-ft) dhm ante: na station established by the DSN on 
Ascension Island during 1965 to act in conjunction with the STDN 
orbital support 9-m (30-ft) aiam antenna station was transferred 
to the STDN in July 1968. 
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To provide sufficient tracking capability to enable 
returns of useful data from around the planets and from 
the edge of the solar system, a 64-m (210~f i) diam antenna 
subnet will be required. Two additional 64-m (210-ft) 
diam antenna DSSs are under construction at Madrid and 
Canberra and will operate in conjunction with DSS 14 
to provide this capability. These stations are scheduled to 
be operational by the middle of 1973. 

B. Compatibility Test Facilities 

In 1959, a mobile L-band compatibility test station 
was established at Cape Kennedy to verify flight-space- 
craft/DSN compatibility prior to the launch of the Ranger 
and Mariner \ enus 1962 spacecraft. Experience revealed 
the need for a permanent facility at Cape Kennedy for 
this function. An S-band compatibility test station with a 
1.2-m (4-ft) diameter antenna became operational in 1965. 
In addition to supporting the preflight compatibility tests, 
this station monitors the spacecraft continuously during 
the launch phase until it passes over the local horizon. 

Spacecraft telecommunications compatibility in t> t 
design and prototype development phases was formerly 
verified by tests at the Goldstone DSCC. To provide a 
more economical means for conducting such work and 
because of the increasing use of multiple-mission telem- 
etry and command equipment by the DSN, a Compati- 
bility Test Area (CTA) was established at JPL in 1968. 
In all essential characteristics, the configuration of this 
facility is identical to that of the 26-m (85-ft) and 64-m 
(210-ft) diameter antenna stations. 

The JPL CTA is used during spacecraft system tests to 
establish the compatibility with the DSN of the proof test 
model and development models of spacecraft, and the 
Cape Kennedy compatibility test station is used for final 
flight spacecraft compatibility validation testing prior to 
launch. 


II, Ground Communications Facility 

The GCF provides voice, high-speed data, wideband 
data, and teletype communications between the Mission 
Operations Center and the DSSs. In providing these 
capabilities, the GCF uses the facilities of the worldwide 
NASA Communications Network (NASCOM) 2 for all long 

2 Managed and directed by the Goddard Space Flight Center. 


distance circuits, except those between the Mission 
Operations Center and the Goldstone DSCC. Communi- 
cations between the Goldstone DSCC and the Mission 
Operations Center are provided by a microwave link 
directly leased by the DSN from a common carrier. 

Early missions were supported by voice and teletype 
circuits only, but increased data rates necessitated the 
use of high-speed and wideband circuits for DSSs Data 
are transmitted to flight projects via the GCF using 
standard GCF/NASCOM formats. The DSN also sup- 
ports remote mission operations centers using the GCF/ 
NASCOM interface. 


III. Network Control System 

The DSN Network Control System is comprised of 
hardware, software, and operations personnel to provide 
centralized, real-time control of the DSN and to monitor 
and validate the network performance. These functions 
are provided during all phases of DSN support to flight 
projects. The Network Operations Control Area is located 
in JPL Building 230, adjacent to the locai Mission Opera- 
tions Center. The NCS, in accomplishing the monitor and 
control function does not alter, delay, or serially process 
any inbound or outbound data between the flight project 
and tracking stations. Hence NCS outages do not have a 
direct impact on flight project support. Voice communi- 
cations are maintained for operations control and co- 
ordination between the DSN and flight projects and for 
minimization of the response time in locating and cor- 
recting system failures. 

The NCS function will ultimately be performed in data 
processing equipment separate from flight project data 
processing and specifically dedicated to the NCS func- 
tion. During FY 1973, however, DSN operations control 
and monitor data will be processed in the JPL 360/75 
and in the 1108. In FY 1974 the NCS data processing 
function will be partly phased over to an interim NCS 
processor, and finally, in FY 1975, the dedicated NCS 
data processing capability will be operational. The final 
Network Data Processing Area will be located remote 
from the Network Operations Control Area so as to pro- 
vide a contingency operating location to minimize single 
point of failure effects on the network control function. 
A preliminary description of the NCS appears elsewhere 
in this document. 
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Table 1. Tracking and data acquisition stations of the DSN 


DSCC 

Location 

DSS 

DSS serial 
designation 

Antenna 

Year of initial 
operation 

Diameter, 
m (ft) 

Type of 
mounting 

Goldstone 

California 

Pioneer 

11 

26(85) 

Polar 

1958 



Echo 

12 

26(85) 

Polar 

1962 



(Venus) 1 

13 

26(85; 

Az-El 

1962 



Mars 

14 

64(210) 

Az-El 

1966 

Tidbinbilla 

Australia 

Weemala 

42 

26/85) 

Polar 

1965 



(formedy 







Tidbinbilla) 







Ballima 

43 

61(210) 

Az-El 

1973 



(formerly 







Booroombp.) 





- 

Australia 

Honeysuckle Creek 

: h 44 

26(85) 

Y-Y 

1973 

- 

South Africa 

Hartebeesthoek 

51 

26(85) 

Polar 

1961 

Madrid 

Spain 

Robledo 

61 

26(85) 

Polar 

1965 



Cebreros 

62 

26(85) 

Polar 

1967 



Robledo 

63 

64(210) 

Az-El 

1973 

a A maintenance facility. Besides the 26-m (85-ft) diam Az-El mounted antenna, DSS 13 has a 

i 9-m (30- ft) diam Az-El mounted 

antenna that is used for interstation time correlation using lunar reflection techniques, for testing the design of new equipment, 

and for support of ground-based radio science. 





b To be shared with STDN until January 1974. 
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DSN Command System Mark 111-74 

W. G. Stinnett 

DSN Systems Engineering Office 


A general description is presented of the DSN Command System software 
changes that are being implemented to support the Helios and Viking missions. 
Comparisons are made between the present system (Mark III-71) and the new 
system (Mark 111-74). Included are the reasons for the changes, and the DSN plans 
to phase all mission support over to the Mark 111-74 system. 


I. Introduction 

The DSN Multiple Mission Command (MMC) Sys- 
tem has successfully supported the Mariner Mars 1971 
(MM71) mission and the Pioneer 10 mission to Jupiter. 
The system is now supporting the ongoing Pioneer 10 mis- 
sion, the Pioneer 11 mission to Jupiter, and the Marine^ 
Venus/Mercury 1973 (MVM73) mission. All of these mis- 
sions have been supported with the same DSN hardware. 

The command software provided by the DSN in the 
Deep Space Stations* (DSSs) telenr .ry and command 
processors (TCPs) has been basically the same from mis- 
sion to mission. The command requirements for each 
mission have been similar, and thus the software has re- 
mained basically the same as that designed for the MM71 
mission (hereafter referred to as the DSN Mark III-71 
Command System). 


The DSS TCP is an XDS 920 computer. The DSN im- 
plemented the DSS telemetry and command functions 
into this computer for all the missions. One cf the primary 
problems in implementing the command portion of the 
software was timing. These timing problems had to be 
overcome in the software used during the Mark 1 1 1-71 
era. All the missions supported during this era required 
the same transmission rate (1 bit/s); thus, the software 
timing considerations were similar. 

The DSN is presently implementing significant changes 
in the DSN MMC System (the DSN Mark III-74 Com- 
mand System). The Helios and Viking mission command 
transmission rates are 8 symbols per second (SPS) and 
4 bits/s, respectively. The software timing considerations 
are significantly increased over those missions supported 
during the Mark III-71 era. For this reason, the Comr nd 
System is undergoing extensive software changes. 
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II. Mark 111-74 — Command System C' nges 

A. Transfer of System Functions 

The increased command transmission rates from the 
Mark 1 1 1-71 to the Mark IIJ-74 era have made it necessary 
to transfer some command functions from the DSS TCP 
to the Mission Operations Center (MOC). Figure 1 shows 
a simplified block diagram comparison of the Mark III-71 
and the Mark III-74 Command Systems. One of the prime 
time-consuming functions provided by the TCP in the 
Mark 111-71 System was command stack manipula- 
tion. The TCP sorted, arranged, and searched the com- 
mand stack frequently for the Mark I IT-71 System. The 
Mark 111-74 System has transferred these functions to 
the MOC. 

B. MOC Software Changes 

In the Mark 1 1 1-71 Command System, the MOC soft- 
ware basically provided a remote terminal capability to 
the TCP. Under operator control, the MOC software gen- 
erates high speed data (HSD) blocks of command data. 
The data are transmitted to a DSS TCP, where they are 
placed in the TCP command stack. A verification block is 
returned, and the MOC performs a bit-by-bit compari- 
son with what was transmitted. Failure to verify results 
in automatic retransmission of the command block. An 
enable block is generated, either automatically after suc- 
cessful verification or under operator control, and trans- 
mitted to the DSS TCP. Again a verification block is 
returned, and the MOC software performs a bit-by-bit 
verification on the enable block. After successful trans- 
mission of the command from the DSS to the spacecraft, 
the TCP constructs a command confirmation HSD mes- 
sage and sends it to the MOC. The MOC software dis- 
plays the command confirmation to the operator. 

In the Mark II 1-74 Command System, the MOC scU- 
ware provides direct control of the contents of the TCP 
command stack. The operator controls the contents of the 
command queue in the MOC. The MOC software then 
can, via HSD messages, force the TCP stack contents to be 
consistent with the command qiuiu in the MOC. Under 
operator control, commands are entered into the com- 
mand queue. When the operator enables commands in the 
queue, the commands are “eligible” for transmission to 
the DSS TCP. The commands are sent to the DSS TCP 
and placed in the TCP per direction in the HSD message. 
An acknowledge message is constructed at the TCP and 
sent to the MOC. The data are compared against the con- 
tents of the queue. Failure to compare results in automatic 
retransmission to the TCP. After successful transmission 
of a command from the DSS to the spacecraft, a message 


is sent from the TCP to the MOC. The MOC compares 
this message with the contents of the queue. The com- 
mand is then marked “successfully confirmed” and dis- 
played to the operator. 

The basic changes to the MOC software are the com- 
mand queue concept and the ability to directly control 
the contents of the TCP command stack. 

C. TCP Software Changes 

In the Mark III-71 Command System, the TCP sorts, 
arranges, and searches the commands in the command 
stack. Upon receipt of commands from the MOC, the 
TCP software sorts priority and timed commands into 
basically two stacks. W 7 hen enable messages are received 
from the MOC, the TCP software is required to search 
the complete stack to ensure proper command enabling. 
W r hen interrupts (every bit time) are received that tell the 
software that the hardware is readv to transmit the next 
command, the complete stack is searched in an attempt to 
find a command that is eligible (enabled and ^r timed) 
for transmission. 

In tlx Mark III-74 Command S, stem, the TCP soft- 
ware is no longer required to arrange and search the TCP 
command stack. The MOC software is required to keen 
the stack in logical order such that the TUT miv has to 
“look” at the ton command in the stack. The TCP stack is 
arranged into four modules and an aedve register. The 
stack is loaded by module via HSD block from the MOC. 
The MOC software is required to keep the stack modules 
updated consistent with the command queue in the MOC. 
The only command eligible for transmission to the space- 
craft is the top command in the number one module. 
Note that an enable message is no longer required from 
the MOC. There are two types of commands in the 
Mark 111-74 system: (1) timed commands, and (2) non- 
timed commands. A nontimed command will he trans- 
mitted immediately when it occupies the top command in 
the number one stack module. A timed command will he 
transmitted when the GMT reaches the command trans 
mit time and the command occupies the top command in 
the number one stack module. The command is trans- 
mitted to the spacecraft by “moving” it to the active 
register. Upon successful transmission of the command 
from the DSS to the spacecraft a HSD message is con- 
structed by the TCP and sent to the MOC for notification 
of confirmation. 

The primary change to the TCP software for the 
Mark III-74 System is the deletion of stack arranging 
and searching. Th^ has allowed the capability for the 
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software to peiform more important functions at the 
higher command bit rates. The same types of hardware 
checks provided at 1 bit/s for the Mark III-71 System can 
be provided for the Helios command rate of 8 SPS. 


III. Mark 111*74 Command System- 
Mission Support Plans 

It is desirable from an operational and sustaining engi- 
neering viewpoint that all missions supported by the DSN 
be supported by the same DSN Command System. An 


operational consideration is that two-system operation 
can lead to confusion when different characteristics exist. 
Another operational consideration is that personnel train- 
ing is simplified when one system is used. The sustaining 
engineering consideration is, of course, less cost. For these 
reasons, the DSN plans to phase all mission support over 
to the Mark III-74 Command System. The present plans 
for phase-over of all support is shown in Table 1. All 
missions will be phased over after critical events are 
complete. The H 2 lios and \ iking test periods and flight 
operations will be supported entirely by the Mark III-74 
Command System. 
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Table 1. Mission support phase-over plans to the 
Mark IK-74 command system 


Mission 

lest period 

Flight operations 

MVM73 

May-June 1974 

July 1974 

Pioneer 10 

January-August 1974 

September 1974 

Pioneer 11 

Same as Pioneer 10 

January 1975 
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MARK 111-74 
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TRANSMITTER, 

antenna 

SUBSYSTEMS 



Rg.1. C o mpari so n of Marti m>71 and Marti >11-74 c omma nd iyrtwn 


OPERATOR 

CONTROL 


OPERATOR 

CONTROL 
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Viking Mission Support 

D. J. Mudgway 

DSN Systems Engineering Office 

D. W. Johnston 

Network Operations Office 


This article describes the Xetwotr Operations Plan for Viking 1975 and includes 
some DS\ support requirements unique to Viking which have resulted in unusual 
attention to Deep Space Station hardware failure mode configurations. Also dis- 
cussed are samples of the single point failure strategies incorporated in the 
Viking 1975 Deep Space Station telemetry hardware configurations . The rationale 
for the implementation of 100-kW transmitter capability at DSSs 43 and 63 is 
also given. 


I. Network Operations Plan for Viking 

The public- ion of the Network Operations Plan for 
Viking 1975 (Ref. 1) constitutes a further milestone mark- 
ing the initial point at which the DSN operations per- 
sonnel in general became directly involved with the 
Viking Project. This document interprets all the Project 
requirements levied on the Deep Space Network to sup- 
port the Viking 1975 mission. It specifies the required 
human and technical interfaces and the manner in which 
the DSN capabilities, described in the DSN Preparation 
Plan for Viking 1975 Project (Ref. 2), will be employed by 
Network Operations to support Viking pre-launch and 
flight operations activities. Finally, this constitutes the 
prime reference regarding the Viking DSN training, test- 
ing, configurations, procedures, and operations, for all 
personnel in the DSN Operations Office. 


II. Unique Viking Requirements 

In previous missions, during the limited critical and/or 
extremely high-activity periods, the requirement for hard- 
ware failure backup has been met at the Deep Space 
Stations by scheduling a second station in parallel and/ 
or the use of complete parallel strings of equipment 
readied in a “standby” state. 

The Viking 1975 mission is unique in this respect in 
that: (1) the critical/high-activity periods will extend for 
up to 5 months continuously, (2) three DSSs at each loca- 
tion will be required for 2 months, 7 days \ r week (no 
backup stations) (see Fig. 1), and (3) die 5-month period 
requires the simultaneous use of six elemetrv hardware 
strings out of a total station complement of six strings 
(no backup strings) at each 64-m-antenna DSS. 
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Another unique character isiie of the Viking mission is 
that, during the planetary operations phase, four spuce- 
craft will be within the boamwidth of a single DSS 
antenna, and the 64-m subnet will bo require! to track 
up to three spacecraft simultaneously and to provide one 
uplink and process six telemetry sulvarriers. As practi- 
cally all of the Deep Space Station equipment will lx* in 
use during three-spacecraft operations, the configurations 
defined in the Network Operations Plan have been de- 
signed to include new extensive “cross -sw itching" capa- 
bilities. These greatly increase the flexibility over current 
configurations and provide optimum use of the equipment 
for data processing in the case of an equipment failure*. 
Also, the* conjoint 26-in-antonna stations provide uplink 
and backup olemetry hardware, accessible from their 
conjoint 64-m-antenna stations. \DSSs 11 and 14 have the 
same capability, using a microwave link.) 

III. Deep Space Station Telemetry 
Requirements for Viking 

The* 64-nw wnna DSS Viking 1975 telemetry configu- 
rations are nquircd to be* capable of processing the types 
of data shown in Tables 1 and 2 from two Orbiters and 
one Lander simultaneous! v. 


?V. Configuration Rationale 

Fecause of die difference in capabilities between the 
26-in co-locati\ 26-m conjoint, and 64-m DSSs and also 
the* differ e Ix’tween the* haidware strings inside the 
DSSs. me configuration rules or guidelines became 
evrVnt when the Viking configurations were formulated. 
r *mples of some basic* rules are: 

(1) Rule: The 64-m-antenna DSS should he regarded 
as prime telemetry receiver for all three spacecraft. 
Reason: Greater antenna gain of 64-m DSS. 

,2) Relc: The 64-m-antenna DSS should be configured 
to provide the prime Orbiter uplink and receive 
that spacecraft telemetry on the Block IV receiver/ 
exciter. 

Reason: The Block 111 and Block IV receiver/ exciter 
subsystems are separate sub a stems with no eoher* 
< - f. common reference, and the X-band receiver 
(Block IV only) must be coherent with the S-band 
uplink, which is being multiplied in the spacecraft 
to provide the S-band and X-band downlinks. 

(■>) Rule: Only one Orbiter should be scheduled to 
provide X-band rangim, for a complete station pass. 


Reason: To switch from one Orbiter to the other 
would involve a double station uplink transfer of 
the two Orbiters between the 26-m. BWk III and 
64-m Block IV exciters, causing approximately 60 
min loss of command, metric, and ranging data on 
each transfer. 

As these rules emerged with the development of the 
detailed configurations, it became apparent that certain 
spacecraft/ground receiver configurations had logically 
evolved. These will v an with the single Orbiter. Orbiter 
and Lander. Orbiter and Orbiter. or Orbiter. Lander, and 
Orbiter situations encountered during the mission. The 
Network Operations Plan for Viking contains a total capa- 
bilities configuration, standard configurations for each of 
the spacecraft combinations, plus approximately 50 alter- 
nate backup configurations to cover specific failures. Each 
configuration is designat'd by a code numlx*r. The 
samples used here to illustrate the concept are for the 
Orbiter/ Landcr/Orbi ter situation. 

V. 64-m-Antenna Telemetry Configurations 
for Viking 

The DSS 14 Viking 1975 hardware capabilities are 
shown in Fig. 2. The Orbiter/ Lander /Orbiter standard 
configuration is presented in Fig. 3. 

VI. Failure Strategy and Configurations 

The single point failure recover}’ is presented in the 
Network Operations Plan for Viking in the form of tables, 
listing the reconfiguration to be applied in the case of 
failure of each receiver, subcarrier demodulator assembly 
(SDA), symbol synchronizer assembly (SSA), block de- 
coder assembly (BDA), data decoder assembly (DDA), 
and telemetry and command processor (TCP). 

Experience has shown that an assembly failure rarely 
occurs during real-time tracking, but quite often is dis- 
covered during the pre-track calibrations. The tables re- 
ferred to have a column labeled “Resultant Constraint/" 
which indicates what data, if any, are changed (e.g., lower 
bit rate) or lost (t g., X-band doppler and ranging deleted) 
when the reconfiguration is complete. There is no listing 
of amount of data lost during the reconfiguration result- 
ing from real-time re-initialization or reloading of the 
software. The example shown in Fig. 4 would he appli- 
cable in the event of failure of Receiver No. 1, which is 
listed under Code 31. In this case, the receiver is replaced 
by Receiver No. 4, which is normally receiving the X-band 
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signal, so that the X-band data are ‘'given up” in favor 
of the S-hand telemetry. 

The second example, as shown in Fig. 5, would be 
applicable in the event of failure of SDA 3. which is listed 
under Code 36. In this case, SDA 3 is replaced by SDA 7 
\in the 26-m conjoint DSS). During planetary operations, 
the conjoint 26-m DSS (or DSS 11 at Goldstone) would 
normally be scheduled to support in parallel to supply 
the second uplin e. At DSSs 43 and 63, the receiver out- 
put (subcarrier plus data) is hardwired to the SDA at 
DSS 42 or 61, and the SDA output is hardwired back to 
the 64- m SSA. At DSS 14/11, these functions are carried 
out via a microwave link. 

VII. Rationale for Implementation of 100-kW 
Transmitter Capability at DSSs 43 and 63 

The DSN response to the Viking requirement for 
100-kW transmit capability at the overseas DSSs (Ref. 3, 
p. 2300.2) is given in the NASA Support Plan (Ref. 4, 
p 430.1) as follows; . . at DSSs 43 a’d 63, 100 kw trans- 
mitter will provide dual links at 10 kw each.” At the 
time this was written, the requirement and its response 
were principally oriented toward the need for simultane- 
ous commanding from a single station to two spacecraft 
(Orbiter/Orbiter or Orbiter/Lander). 

Early in 1973, the Tracking and Data System met with 
the Project and indicated that the dual-carrier, single- 
transmitter mode of operation presented technical prob- 
lems which were not fully understood and recommended 
that the “dual-carrier” mode be considered as a “mission 
enhancement” feature only in all future mission planning. 
The prime mission mode w r as to be based on the use of 
two subnets, with the simultaneous command require- 
ment being met w ith two stations, i.e., a 64-m and a 26-m 
DSS at each longitude. This decision is reported in Ref. 5. 

In preparing the FY74/75 budget, it was proposed that 
the “mission enhancement” feature of Viking support be 
dropped by deferring the 10()-k\V transmitters to a post- 
V iking era. 

Evaluation of the consequent impact on the Viking 
mission planning and flight support showed that, irrespec- 
tive of the dual-carrier requirement, there remained a 
need for a 100-kW transmit capability at DSSs 43 and 
63, as well as the 400-kW transmit capability at DSS 14, 
to avoid unacceptable risks and/or constraints to Viking 
Lander operations (Mission B particularly) due to any 
of the following causes: 


(1) Worst-case telecommunications performance 

(2) Adverse landing slopes (20 deg) 

(3) Random Lander orientation 

(4) High-gain antenna or computer malfunction 

(5) Southerly landing sites (30 ; S‘; 

(6) Need for real-time retargeting of landing site 

(7) Late launch in the secondary mission 

The dominant factor influencing all of the foregoing 
effects is the most recent Lander low-gain antenna pat- 
terns measured on a Vscale model. These patterns show- 
severe distortion due to adjacent hardw are on the Lander 
structure, which results in large negative gain over 
substantial portions of the antenna field of view. Most 
of the conditions described above could result in Earth 
look vectors which lie in these negative gain areas, and 
hence require a high-pow er transmit capability to com- 
pensate for the antenna gain deficiencies. 

Typical low-gain antenna radiation patterns discussed 
above were analyzed at gain levels of —3 and —10 dB. 
These are the levels required to support the command 
link for 20- and 100-kW transmitters. This analysis is 
summarized in Fig. 6, which shows the Lander cone and 
clock angle regions where the low - gain antenna coverage 
is adequate to support the command link. 

The history of the look vector to Earth as sc^n from 
the Lander for a 30 C S latitude landing site is also shown 
in Fig. 6. The dashed line represents the nominal Earth 
track as seen from the Lander early in the mission. Time 
ticks are located on the nominal track to provide a relative 
time reference. The envelope about the nominal track 
considers a ±20-deg adverse surface slope, -f 20 deg un- 
certainty in he landed azimuth of Lander leg 1, and the 
worst case relative Earth/Mars geometry over the 90-day 
landed mission. 

The shaded r.reas within the Earth track envelope 
represent those areas where the Lander antenna gain is 
not sufficient to support the command link with a 100-kW 
transmitter. The area which lies between the shaded 
contour and the upper contour line is that Lander cone/ 
clock angle region where command capability exists with 
a 100-kW transmitter but not with 20 kW. Command 
capability exists with a 20-kW transmitter for the Lander 
cone/clock angle region above the second contour. 


12 


JPL TECHNICAL REPORT 32-1526, VOL. XIX 



Obviously, the opportunity to command the Lander 
over the low-gain antenna scvcrly limited tor the 30“ S 
latitude landing site. Only one half of the total daily Earth 
view period is available for Lander command with a 
20-k\V transmitter. 

The command link performance for this same set of 
conditons (30 C S latitude) is given in Fig. 7 for no-slope 
conditions and in Fig. 8 for 20-deg slope conditions. 

In Fig. 7, the performance is shown for the time of day 
u'hen Earth has risen to a 15- deg elevation angle above 
the local horizon. No adverse slop® is considered. At this 
time of day, the Lander cone angle of the look vector to 
Earth is 105 deg, or conversely, the aspect ^ngle of Earth 
as seen from the Lander antenna boresight is 'io deg. 

The curve labeled “nominal” was generated from the 
free space Lander gain pattern at an aspect angle of 
75 deg. This curve shows a margin of approximately 3 dB 
above that required with 20 kW of transmitter power. 
The best and w'orst curves were developed from the 
installed Vscale model antenna pattern data as follows: 
The curve labeled “best” w r as derived from the highest 
Lander gain found on the installed patterns at an aspect 
angle of 75 deg. Because of the uncertainty in the landed 
Lander azimuth orientation and the desire to place no 
further constraint on the time of day at which a command 
session can occur, the entire Lander clock angle region 
(0-360 deg) was considered. 


The curve labeled “worst” was derived as explained 
above, except that the lowest Lander gain at an aspect 
angle of 75 deg over the total clock angle region was 
considered. 

Figure 8 reflects the same conditions as defined for 
Fig- 7, except that a 20-deg adverse surface slope was 
considered. The nominal, best, and w orst curves consider 
Lander antenna gain at an aspect angle A 95 deg. 

The curves shown in Figs. 7 and 8 indicate that the 
20-k\V capability is inadequate to meet the required 
command link margins under the worst-case conditions 
considered. 

These data were presented in overview by the Martin 
Marietta Corporation (MMC) at the Viking Lander 
Critical Design Review* in Denver on September 18-20 
av.d in detail to the Viking Telecommunications Working 
Group at MMC in Denver on September 21. Both these 
organizations, as well as the Viking Project Manager, 
agreed that the 100- kW transmit capability at the over- 
seas stations w T as a necessary element in the DSX support 
planred for the Viking mission. Accordingly, the current 
revision to the Viking Support Instrumentation Require- 
ments Document, dated September 17, 1973, deletes the 
dual-carrier requirement, but restates the requirements 
for the 100-kW capability at DSSs 43 and 63 for the 
purposes described above. Implementation of this capa- 
bility has since been reinstated* and is proceeding toward 
an operational date of January 1, 1976, 
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Table 1. Viking Orbiter (VO) channel assignments 


TLM 

channel 

Designator 

Description 

Bitra - 

Subcarrier 

frequency, 

kHz 

Low 

B 

Uncoded 

engineering 

data 

8 l 3 or 33*3 
bits/s 

24.0 

High 

C 

Coded (32, 
6) science 
data 

1,2,4, 8, or 
16 kbits/s 

240.0 


A 

Uncoded 
science data 

1, 2, or 4 
kbits/s 

240.0 


Table 2. Viking Lander (V L) channel assignments 
(for VL/DSN S-band direct link)* 


TT Vf 

* Aj * VI Designator Description 

channel 

Bit rate, 
bits/s 

Subcarrier 

frequency, 

kHz 

Low B Uncoded 


12.0 

jp' engineering 

data 



High A Coded ( 32, 

6) science 
data 

250,500, 
and 1000 

72.0 

a The VL/VO UHF link at 4 or 16 kbits/s will not be received 
by the DSSs. 

Relay "feedthrough** data (VL to VO) during preseparation 
and landing wiii be received at the DSSs via the VO subcanier 
and are regarded as VO data by the DSN. 
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Fig. 1. Three-station requirement 
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Fig. 3. Standard planetary configuration, Orbiter/ Lander /Orb iter, Code 30 
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Fig. 4. Failure strategy configuration, Orbiter/Lander/Orbiter, Code 31 
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Fig. 5. Failure strategy configuration, Orbiter/Lander/Orbiter, Code 36 
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Pioneer 10 and 11 Mission Support 

R. B. Miller 

DSN Systems Engineering Office 


This article describes significant aspects of the successful Pioneer 10 encounter 
of the planet Jupiter . 


L Encounter Summary 

At the time of writing. Pioneer 10 had completed all 
but 1 week of the 60-day encounter of the plant Jupiter. 
The Jupiter environment was foimd to be much more 
complex and interesting than had been anticipated. The 
field and particle environment is not simply a dipole 
field with trapped particles interacting with the solar 
wind in a semi -static fashion. Tremendous fluctuations in 
the extent of the bow shock were observed, apparently 
related to the changes in intensity of the solar wind. Com- 
plex structure was observed inside of the bow shock, 
and a radiation intensity 1U00 times higher than is con- 
sidered lethal to a human being, although the actual 
magnetic field strength measured was at the lower end of 
the preflight range of estimates. 

Closest approach to Jupiter was reached at 02 25:19 
Greenwich mean time on December 4, 1973, at a range 
of 2.86 Jupiter radii, 203,250 km from the center of the 
planet (the radius of the visible disk is about 71,000 km), 
or 132,250 km from the visible surface. The spacecraft 
appears to have experienced nearly the maximum radia- 
tion dose it could take without catastrophic damage to 
equipment and instruments. Temporary (reversible) 


damage was experienced in some areas such as in tin 
ultraviolet spectrometry, and mild effects on the radio 
subsystem were apparent shifts in the on-board 
oscillator frequency and receiver rest frequency. The 
asteroid/meteroid detector appears to have suffered 
permanent damage in its optics. There was no loss of 
primary science data due to the radiation effects. 

The occultation experiment was successful; an iono- 
sph ere was detected on the moon lo, and all data were 
obtained during the entry and exit phases of the Jupiter 
occultation. The occultation experiment seeks to deter- 
mine atmospheric characteristics by ground-based mea- 
surement of the effects on the S-band radio link as it 
transmits through the atmosphere. The Jupiter atmo- 
sphere is apparently very complex, and much analysis by 
the experimenter will be necessary to model the observed 
effects. 

1 he imaging photopolarimeter returned many in- 
triguing pictures of the planet. The radiation measure 
ments by other instruments peaked at something like' 
400 million 30-MeV electrons and 4 million 3-MeV pro- 
tons per square centimeter per second. The temperature 
measurements showed that the planet radiates alxmt 
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2 1 j ti'n *s the thermal energy it receives from the Sun 
du*l that there is no significant difference lx*twecn (iay- 
tim«* and nighttime temperatures. 

II. Ground System Performance 

Besidt*s !x*ing tin* first spacecraft to fly by tin* planet 
Jupiter and the first to utilise nuclear power, the 
Pioneer mission had another unique aspect which reflected 
heavily on tlu* ground system: the flying of a complex 
planetary encounter at a tremendous distance from 
Earth, and therefore a Join* round -trip light time, without 
an on-lx»ard flight sequencer. Virtually the entire en- 
counter sequence liad to lx* controlled by ground com- 
mands, with a 92-m round-trip light time before the effects 
of transmitted com n lands could be observed. Between 
November 4. the start of Jupiter encounter, and Decern- 
Ixt 14. over 13,000 commands were sent to the Pioneer 10 
spacecraft. By DSN count. 1.712 commands were sent 
on the day of periapsis passage alone, which corresponds 
to a 44 r c service rate for the command system, con- 
sidering that each command is 22 s long and that there 
are 86.400 s in a day. This means that commands were 
radiating the day of periapsis about 4 min out of every 9, 
or a command was transmitted an average of every 50 s 
the entire day. 

The high level of command loading and the potentially 
serious effect of interruptions in command capability 
on the encounter sequence were recognized, and the 
primary activity in prepara ting the ground system for 
this encounter was to seek means to improve total com- 
mand reliability. Improvement of the command system 
reliability involved making very minor changes in DSN 
software, but there were no hardware change's. Improve- 
ment in reliability came principally from changes in 
procedures, heavy training activity, and providing maxi 


mum redundancy available from tlu* existing imple- 
mentation. The most important two factors in achieving 
a significant increase in command reliability were first, 
getting the Project personnel to use the* existing com- 
mand capabilities in a consistent and optimized mode— 
i.e.. switching from priority commands to timed com- 
mands and using command file capabilities in the 
Mission Control and Computing ('enter iMCCCl 360/ 
75; and. second and e»fist important. ensuring that all 
personnel in each element of the (-round Data System 
understood the importance of command reliability to 
the . access of the mission. 

The fruits of the preparation efforts wen* exceptional 
ground system reliability during the 60 days of encounter. 
Prior to the encounter, there had been an interruption to 
commanding an average* of ulxmt one every 30 h of heavy 
command activity. From November 4 to December 20, 
with the large* volume of commanding described, there 
were only six such interruptions caused by DSN hard- 
ware. software, or procedural problems, and. fortunately, 
none of these failure's caused a loss of science data. 

A furtheT aspe*ct of the spacecraft design that refleet t*d 
on ground system reliability* was the lack of an on-board 
data recording system to allow for data play back. The 
data received in real time at the DSS were the only data 
acquired. In this regard, the telemetry system reliability 
performance was also excellent, with only a few minutes 
of data lost on a single day during encounter ' November 
9). when several antenna stoppage's were experienced. 

Therefore, with a statistical sample of one, the capa- 
bility of having a highly successful planetary encounter 
using a low -cost spacecraft with limited automatic opera- 
tion and heavy reliance* on ground system reliability was 
demonstrated. 
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Summary Report on the Mariner Venus/Mercury 1973 
Spacecraft/Deep Space Network Test Program 

A. I. Bryan 

DSN Systems Engineering Office 


The Mariner Venus Mercury 1973 (MV}f 73) Spacecraft /Deep Space Network 
(DSN) compatibility test program consisted of three phases of testing. Subsystem 
design , system design , and system verification tests were performed at JPL and 
Cape Canaveral. Preliminary design tests , itvtiated in late 1971, preceded the 
formal compatibility test program that culminated in final verification of DSN / 
MVM73 Spacecraft compatibility on October 23, 1973 . This report describes the 
tests and test results that provided the basis for establishment and continuous 
verification of DSN MVAT73 Spacecraft compatibility. 


I. Introduction 

The initial efforts to establish DSN/MVM73 Space- 
craft compatibility consisted of an intensive series of tests 
to determine the Telemetry and Command Data Han- 
dling (TCD) Subsystem performance for MVM73 telem- 
etry modes. The tests were performed in late 1971 at the 
Compatibility Test Station (DSS 71), the Compatibility 
Test Area (CTA 21), and the Telemetry Development 
Laboratory (TDL) utilizing telemetry simulators and test 
software. 


Preliminary design tests utilizing MVM73 Spacecraft 
components were performed at CTA 21 and TDL during 
the early part of 1972. These tests were accomplished with 
TCD software that consisted of modified Mariner Mars 
1971 (MM71) operational software and revised TCD test 
software. 

Phase I of a three-phase test program to establish DSN / 
MVM73 Spacecraft compatibility was performed with 
CTA 21 and TDL starting in September, 1972. This phase 
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testing continued through April 1973, and demon- 
strated design compatibility between the spacecraft tele- 
communication*' subsystems and the DSN 

Phase II of the test program was performed with 
CTA 21 in July 1973. The objective of this series of tests 
was to establish system design compatibility between the 
flight spacecraft and the DSN. Operational TCD software 
was utilized by CTA 21. and the spacecraft was located 
in the thermal-vacuum facility at JPL. 

Phase III compatibility tests were performed at Cape 
Canaveral between DSS 71 and both of the MVM73 flight 
Spacecraft located in the Assembly and Checkout Facility 
(Building AOh the Explosive Safe Facility (ESF1, and 
Launch Complex 36. The objective of these tests was to 
verify continued interface integrity and maintenance of 
compatibility during prelaunch preparations. 

II. Test Report 

Initial tests to determine the TCD performance for 
MVM73 telemetry modes were performed at DSS 71 in 
September 1971. These tests indicated losses that were 
higher than predicted for the high-rate modes, and minor 
operational difficulties with the low-rate modes. These 
test results prompted an intensive series of tests at TDL 
and CTA 21 in an effort to better understand the TCD 
performance for MVM73 telemetry. These tests utilized 
simulated MVM73 telemetry, MM71 hardware, and soft- 
wart* that consisted of modified MM 71 operational soft- 
ware combined with revised TCD test software. Details 
concerning test configuration and measured test results 
are con taint'd in Division .33 correspondence and reports. 

Preliminary design tests with spacecraft components 
were performed at CTA 21 and TDL during the period 
April through August 1972. This series of tests could not 
demonstrate subsystem design compatibility because 
TCD operational software was not available and the 
spacecraft components consisted of breadboards. The pri- 
mary’ objective of these tests was to provide insight into 
spacecraft and DSN performance capabilities and to en- 
hance analysis and conclusions derived from compatibility 
testing. 

In September 1972, the three-phase test program to 
establish DSN MVM73 Spacecraft compatibility was 
initiated. Each phase of testing was divided into seg- 
ments as shown in Fig. 1; the individual tests performed 
in each phase and segment are shown in Table 1. Test 
descriptions for all test phases are contained in Ref. 1. 
Details concerning spacecraft modes, test criteria, and 


measured test results are contained in proce- 

dures prepared in response to PD 615-115 and in Office 
420 ; ;0 test reports. 

A. Phase I Tests 

n ’h .Tj* *o!ive of tests ir> phase was to demonstrate 
design compatibility between the MVM73 spacecraft 
telecoi..*nunieations subsystems and the DSN. 

1. Flight No. 1 tests. These tests were conducted at 
CTA 21 on September 29, 1972, utilizing Flight No. 1 
spacecraft components and TCD test software. Although 
S-band RF interface testing was emphasized, preliminary 
telemetry’ and command tests were performed. The use of 
TCD test software did not ensure subsystem design com- 
patibility, but did provide a functional test of the DSN 
and spacecraft hardware. 

2. Flight No. 2 tests. Tests were performed in De- 
cember 1972, and J. luary 1973, with CTA 21 and the 
MVM73 Flight II radio frequency subsystem (RFS) and 
modulation demodulation subsystem (MDS>. Emphasis 
was placed on the RF and command interfaces. A total of 
eighteen tests were successfully completed with no anom- 
alies observed. All telemetry tests were performed as func- 
tional tests since operational software had not yet been 
developed. 

3. Command and telemetry tests. Formal compatibility 
testing was changed to informal software checkout and 
development testing status. This action was the result of 
delays in acceptance testing of the operational software, 
and was performed over the time period April through 
July 1973. Several problems with the software were dis- 
covered. Most of these problems were related to the in- 
ability to acquire 8 1 * bits s at high signal conditions. Of 
lesser significance was loss of TCD program control when 
selecting a redundant Subcarrier Demodulator Assembly 
(SDA) or initialization of 490 bits s. 

Hardware problems uncovered were a possible align- 
ment problem with the SDA and an interference problem 
using the discrete spectrum from the Planetary’ Ranging 
Assembly (?RA). With the former problem, one of the 
two SDAs at CTA 21 would not acquire at the project- 
specified Mercury encounter telemetry threshold ST*, N n 
(0.63 dB). 

A special alignment of the SDA was considered to be 
a resolution to the problem. With the latter problem, the 
telemetry' signal-to-noise ratio (SNR) estimators in both 
telemetry' channels (22.05/2.45 kilobits/s) indicated an 
increase in SNR with the PR A discrete spectrum ranging 
as opposed to the Mark 1-A continuous ranging. 
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4. Block IV exciter tests. Block IV exciter (S-band) 
command capability was established dining tests on 
August 3, 1973, utilizing a Hight radio (S N 006; and the 
prototype command unit. The S X-band receiver tests 
were not accomplished because of the nonavailability of 
Block IV receiver equipment. 

B. Phase II Tests: Flight No. 2 Spacecraft/ 

CTA 21 Testing 

This testing was performed during the month of July 
1973 with the spacecraft located in the Thermal Vacuum 
Chamber. Testing was conducted at various sun levels to 
simulate: (1) 1.0 Sun, (2) 2.0 Sun, (3) 4.8 Sun, and (4) Am- 
bient. Several problem areas were uncovered and are 
listed below: 

(11 The SDA lock indicator would not indicate in-lock 
at threshold, 5 X 10 2 data bit error rate (BER), fcr 
22 kilobits s, block coded data. 

(2) For some SDA Symbol Synchronizer Assembly 
(SSA) combinations, insufficient SDA correlation 
voltage was achieved for 22 kilobits s block coded 
data to achieve SSA lock. 

(3) The Mission and Test Computer ''MTC) experi- 
enced difficulty in achieving frame sync at threshold 
for 22 kilobits s, block coded data. 

(4) The operational software (DSN Program Library 
Software No. (DOI-5050-OP) would not achieve 
reliable bit sync lock for 8 l a bits/s at high signal 
level conditions. 

These problems were not resolved during the July 1973 
testing at CTA 21, but were given high priority for con- 
tinued investigation during the Flight No. 1 testing to be 
conducted at DS C 71. All other objectives of the test plan 
for Flight No. 2 spacecraft were successfully completed 
during this phase. 

C. Phase 111 Tests 

1. Flight No. 1 compatibility verification tests. This 
testing was performed at Cape Canaveral on August 26, 
1973. The spacecraft was located in Building AO and an 
RF link was established to DSS 71; however, Revision A 
of the operational TCD software was not available. Spe- 
cial emphasis was placed on problems uncovered at 
CTA 21 during Flight No. 2 testing. A summary of the 
testing and results is as follows: 

(1) Command: the DSN Spacecraft command system 
design was declared compatible. There were no 
outstanding problems remaining upon completion 
of this testing. 


(2) Telemetry: the SDA and SSA lock problems dis- 
cussed under Phase II testing were tested exten- 
sively during this period. A standard alignment of 
the SDAs was performed followed by a series of 
acquisition tests at an ST H of 0.63 h r 22 kilo- 
bits s coded data. 

The SDA SSA combination acquired and per- 
formed without any difficulty. A decision was made 
to abandon further tests. Although the telecom- 
munications system was designed to operate at a 
point below 7 SDA SSA design threshold, there 
appeared to be no problem in meeting project re- 
quirements at Mercury encounter. 

(3) Ranging: an interference problem in the telemetry 
signal-to-noise estimator occurred when the PRA 
discrete code was applied to the up-link. This prob- 
lem w^as manifested by higher-than-normal SNR 
printouts. An operational resolution of this com- 
patibility problem was to operate the uplink RF 
signal at or below — 100-dB signal levels. 

(4) RF tests: all RF tests w f ere successfully completed 
and compatibility was declared satisfactory 7 . 

2. Flight No. 2 compatibility verification tests. This test 
was performed on September 22 and October 23, 1973 at 
Cape Canaveral. The spacecraft was located in Build- 
ing AO for the September 22 test, and Launch Com- 
plex 36 for the October 23 test. All testing was performed 
via an RF link and the launch version (Revision A) of the 
TCD operational software was utilized successfully. 

Tests performed on September 22, 1973 cleared an out- 
standing compatibility problem. For the first time, a video 
picture was sent from the spacecraft to MTC and fully 
reconstructed. Data rate for this event was 22 kilobits /s, 
block coded. The M26X software module was also suc- 
cessfully exercised during this test. All other objectives of 
testing on this date were successfully completed. 

Following completion of these tests, an operational 
readiness review was held on September 26, 1973 with a 
report of compatibility status as follows: 

(1) Command design compatibility established. 

(2) Telemetry 7 design compatibility established with 
additional testing of DOI-5G50-OP-A scheduled for 
October 23, 1973. 

(3) RF design compatibility established. 
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{4) Ranging design compatibility established with 
additional operational testing scheduled for Octo- 
ber 23, 1973. 

On October 23, 1973, final compatibility testing was 
conducted with the Flight No. 2 spacecraft encapsulated 
in its launch configuration and located at Launch Com- 
plex 36. All compatibility deficiencies encountered during 
the September 22, 1973 testing were resolved. Therefore, 
complete compatibility was established for all elements of 
th*> Spacecraft DSN interface. 


III. Conclusions 

The successful conclusion of the formal DSN/MVM 73 
compatibility program enabled the establishment of tele- 
communications compatibility as evidenced by the suc- 
cessful launch of the MVM73 spacecraft on November 3, 
1973. 

The importance of the performance of a formal com- 
patibility test program is clearly demonstrated bv the 
problem areas uncovered, verified, and resolved during 
the DSN MVM73 testing. 


Reference 

1. Mariner Venus /Mercury 1973 DSN -Spacecraft CompatibUity Test Plan, Project 
Document (PD) 615-115. Jet Propulsion Laboratory, Pasadena, Calif., Feb. 12, 
1973. (JPL internal document.) 


28 


JPL TECHNICAL REPORT 32-1526, VOL. XIX 



Table 1. DSN/MVM'73 



Sy>tem te ts 1 2 

S-Band RF 

Dow nl ink. one-\v av X 

Uplink tnresRnM two-way X 

Two-way X 

Spacecraft receiver pull-in range X 

Spacecraft recei\cr tracking rate and range X 

Carrier residual 0 jitter X 

Uplink spectrum analysis X 

Downlink spectrum analysis X 

Simulated dynamic condirio X >i 

Spacecraft receiver l^est-lock frequency X 

Auxiliary oscillator frequency X 

Dynamic acquisition 

X-Band RF 

Carrier residual 0 jitter 
Tracking range and rate 
Downlink threshold 

Command 

Polarity verification 
Acquisition 

Capability' under doppler 
Capability with ranging 
Operational capability 
Dynamic acquisition 

Telemetry 

Functional (strong signab 

Mode 1 X 

Mode 2 

Mode 3 

Mode 4 

Mode 5 

Mode 6 X 

Mode T 

Threshold 

Mode 1 X 

Mode 2 

Mode 3 

Mode 4 

Mode 5 

Mode 6 X 

Mode T 

S-hand ranging 

Acquisition X 

Polarity verification X 

Channel delay X 

Under doppler conditions X 

X-band ranging 
Acquisition 
Polarity verification 
Channel delay 


a Tests 7a. b, and c are Sun levels 1, 2, and 4.8, respectively. 
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X X X X X 


XXX X X X X 


Ability test matrix 


Phase 

! ii* 1 m 

1 1 

Segment 

4 5 6 7a 7b 7c 1 S 9 10 


X X X X 


X X 

X X 

X X 


X X 



X X 

X X 
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Differential very long baseline interferometry (VLB1) experiments were con - 
ducted in 1972 between Mariner 9 and various quasars . The objective of these 
experiments was to determine the position of Mars in the VLB1 reference frame . 
This first of two articles gives background and describes experimental procedures. 
A subsequent article will describe the analysis of the data and the result obtained 
for the differential position. 


I. Introduction 

The technique of very long baseline interferometry, 
presently under rapid development, holds promise of mak- 
ing important contributions to spacecraft navigation. 
Through VLBI observations of extragalactic radio sources, 
many of them quasars, it will be possible to determine 
Earths orientation (UT1 and polar motion) accurately 
with respect to the inertial frame formed by these sources. 
Our expectation is that within the next 5 years VLBI will 
be able to provide, for example, measurements of UT1 
routinely with uncertainty below the I-ms level, which 


projects to a position error of about 10 km at a geocentric 
di c tance of 1 AU (still by no means the theoretical limit of 
the technology). In order to utilize this accuracy for inter- 
planetary spacecraft navigation, we must know the orien- 
tation of the planetary system with iespect to the same 
inertial frame. Since the planets are not themselves suit- 
able targets for VLBI observations, an indirect approach 
is necessary. It was therefore suggested by one of us 
(I.I.S.) that a spacecraft in orbit about another planet 
would be an appropriate target. 
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In brief, the procedure proposed was to utilize two of 
the DSN antennas to observe alternately, but in synchro- 
nism, the spacecraft and an extragalactic radio source that 
lies nearby in the sky. With sufficiently stable frequency 
standards and adequate signal-to-noise ratios, it is possible 
to switch back and forth between observations of the 
spacecraft and the natural radio source so as to be able to 
determine the time development of the fringe phase for 
each target without the introduction of any 2 - ambiguities 
other than the initial one that affects all such observations. 
The differences in the fringe phases for the two targets 
represent extremely accurate observables since 1 they are 
freed, through cancellation, from most instrumental ef- 
fects. Because the two sources, by design, subtend a very 
small angle at Earth, the propagation-medium effects tend 
to cancel as well. This technique of differential VLBI 
(A VLBI) appears capable, when developed, of the deter- 
mination of relative positions with an uncertainty at the 
milbarcsecond level. (Also see Ref. 1.1 

The first opportunity to apply this technique arose with 
the Mariner 9 spacecraft in January 1972. During this 
primary portion of the mission, several sets of observations 
were conducted. Other observations were carried out dur- 
ing the extended mission. Unfortunately, the required first 
local oscillator (LO) signal could not be derived from the 
station frequency standards by integer multiplication be- 
cause of the lack of appropriate instrumentation. There- 
fore, the first LO chain was driven by a synthesizer signal 
and, as a consequence, sufficient frequency stability with 
the interferometer was not obtained to allow the fringe 
phase to be “connected” between observations of either of 
the two targets without the introduction of 2- ambigui- 
ties. 1 Therefore, only the fringe rates, which are inherently 
unambiguous although less accurate, were available for 
the determination of relative position. A detailed descrip- 
tion of these experiments is given in the following sections; 
the results will be discussed in the final article of this 
two-part series. 

II. Experiment Description 

Initially, three sets of observations were taken on 
January 17, 20, and 25, 1972, during mutual visibility be- 
tween the 64-m Mars antenna (DSS 14) at Goldstone, Cali- 
fornia, and a 26-m antenna at Woomera, Australia (DSS 
41). The natural source which was observed alternately 


! Had four antennas been available (a pair at each end of the long 
baseline), observations of each target could have been carried out 
continuously, and this lack of frequency stability would have been 
of no consequence (provided the same local oscillator signal was 
used at each antenna pair). 


with Mariner 9 was the quasar P0106 -*-01. Later in the 
year, another set of observations was made during the 
extended mission on October 13 and 17, On a third day 
(October 27 \ observations could not be carried out be- 
cause of the final loss of altitude control gas by Mariner 9. 
This later series of observations was carried out between 
the 26-m Echo antenna at Goldstone (DSS 12) and DSS 41, 
with the natural sources observed being the quasars 
3C273 and 3C279. 

Unfortunately, no observations after January 20 were 
successful. The cause of these failures is believed to he in 
the frequency system of one or both stations. The observa- 
tions of 3C273 yielded intermittent, weak fringes; no other 
signals were* detected. 

On each of the 2 days when useful data were obtained, 
three kinds of tracking were performed. Table 1 sum- 
marizes these tracking modes. During the first 2 h, the 
spacecraft was completing its high-bit-rate science play- 
back to DSS 14. This signal was simultaneously recorded 
to be processed in a VLBI mode using the 21-kHz system 
(Ref. 2). Three-way doppler data were also obtained dur- 
ing this same interval. The next 2 h, until Mariner 9 set at 
DSS 14, were used for the actual switching experiment. 
Finally, 4 h of observations on various natural radio 
sources were taken at the same frequency as the switching 
experiment to give sensitivity ro baseline and clock 
parameters.- On January 20, runs 9-13 of the switching 
experiment were lost due to an unanticipated, although 
mission-planned, termination of the high-rate science sub- 
carrier signal which served as the interferometer illumi- 
nator. 


III. Data Reduction 

The accuracy of the data, as explained above, did not 
approach the level possible for this type of experiment. 
However, these data did allow the development and 
checkout of software to be used in later experiments. 
Therefore, the exercise of processing these data was car- 
ried through. 

The cross-correlation of the magnetic tapes was accom- 
plished using a modification of software developed for 
Earth physics and UT1 observations (Ref. 3). The model 
for the spacecraft motion used in fringe stopping was 
taken from probe ephemeris tapes ^PETs). The ephemeris 
for Mars was the JPL ephemeris designated DE69 (Ref. 4). 


2 The differential position measurement, however, has virtually no 
dependence on these parameters. 
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Figure 1 1 shows typical residual sine fringes for Mariner 9 
over a small portion of one VLBI tape pair on January 17. 
The best-fitting sine wave over this interval is also shown. 

The fringes which resuited from the cross-correlation 
were then analyzed to extract the information about the 
time development of the fringe phase (Ref. 3). Differenc- 
ing the relative fringe phase at different times for a given 
source then yielded average fringe rates over these inter- 
vals. The results from one such analysis are shown in Fig. 2 
for a tape taken on January 20. The residual phase after a 
constant fringe rate was removed is plotted as a function 
of time from the beginning of the tape. The figure also 
illustrates the antenna switching sequence followed in all 


the switched observations. The spacecraft phase points 
are more finely spaced because the higher signal-to-noise 
ratio for Mariner 9 allowed u shorter averaging time 
(12.8 s compared to 57.6 s). Note that the scale of the 
abscissa is cycle of S-band phase (~ '4 cm light-time 
equivalent . 

The final step in the processing of the raw observations 
was the removal of the phas models used in fringe stop- 
ping for the two sources. The resulting “total” fringe rates 
were then analyzed using programs with more sophisti- 
cated modeling of the theoretical expression for the motion 
of Earth and the spacecraft. The result of this analysis is 
to be the subject of the final article of this two-part 
sequence. 


Acknowledgments 

The authors wish to acknowledge the contribution of J. Gunckle of the JPL staff, 
and the personnel of DSS 14, 12, and 41, particularly the servo, digital, and micro- 
wave subsystems. The PET ephemeris for Mariner 9 was kindly supplied by 
R. K. Hylkema, We also thank H. Pelers of Goddard Space Flight Center for the 
loan of a hydrogen maser at the Woomera station. 


References 


1. Couselman, C. C., Hinteregger, H. F , and Shapiro, 1. 1., “Astronomical Applica- 
tions of Differential Interferometry,” Science , Vol. 179, p. 607, 1972. 

2. Fanselow, J. L., MacDoran, P. F., Thomas, J. B., Williams, J. G., F innic, C. J., 
Sato, T., Skjerve, L., and Spitzmesser, D. J., “The Goldstone Interferometer for 
Earth Physics,” in The Deep Space Network Progress Report , Technical Report 
32-1526, Vol. V, pp. 45-57, Jet Propulsion Laboratory, Pasadena, Calif., Oct. 15, 
1971. 

3. Thomas, J. B., “An Analysis of Long Baseline Interferometry, Part III,” in The 
Deep Space Network Progress Report , Technical Report 32-1526, Vol. XVI, 
pp. 47-64, Jet Propulsion Laboratory, Pasadena, Calif., Aug. 15, 1973. 

4. O'Handley, D. A., Holdridge, D. B„ Melbourne, W. C., MulhoUand, J. C., JPL 
Development Ephemeris Number 69, Technical Report 32-1465, Jet Propulsion 
Laboratory, Pasadena. Calif., Dec. 15, 1969. 


■i\ 

JPL TECHNICAL REPORT 32-1526, VOL. XIX 


33 



Table X. Tracking mode summary 


Run Nos. 

Time (U.T.) 

Mode 

1-8 

0220-0420 

Mariner 9 only 

9-19 

0427-0647 

AVLBI 

20-35 

0649-1041 

Natural sources only 
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Fig. 2. Results of fringe phase analysis 
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In order to demonstrate the feasibility of eventually using radio interferometry 
techniques to measure tectonic motion y a series of interferometry experiments has 
been conducted between two antennas at the Goldstone Deep S pace Communi- 
cations Complex . The primary objective of these experiments was to develop 
independent-station instrumentation capable of making three-dimensional baseline 
measurements with an accuracy of a few centimeters. To meet this objective, 
phase-stable instrumentation teas developed to precisely measure the time delay by 
means of two-channel bandwiilth synthesis . Delay measurements produced by this 
instrumentation lead to three-dimensional baseline measurements with a precision 
of 2-5 cm for the components of a 16-km baseline . 


I. Introduction 

In the last few years, there has been increasing interest 
in developing a system capable of accurately measuring 
the relative motion of points separated by distances rang- 
ing from 100 km up to intercontinental distances on the 
Earth s crust. Information concerning this far-field motion 
is of critical importance in the development of theoretical 
models of crustal dynamics. Since crustal motion is about 
3-10 cm/year, the measurement accuracy should be about 
1-3 cm with about 1 week of data. Radio interferometry is 
one technique that holds great promise fox fulfilling tnis 
accuracy requirement. 


In order to begin development of a radio system with 
few-centimeter accuracy, a series of interferometry experi- 
ments has been conducted between two antennas at the 
Goldstone Deep Space Communications Complex. The 
primary objective of these experiments was to develop 
independent-station instrumentation capable of making 
three-dimensional baseline measurements with an accu- 
racy ot a few centimeters. A short Goldstone baseline 
(16 km between DSS 12 and DSS 14) was selected so that 
transmission media uncertainties and astronomical param- 
eters would be relatively unimportant compared with 


36 


JPL TECHNICAL REPORT 32-1526, VOL XIX 



radio system limitations. These experiments led to the 
refinement of a two-channel approach to bandwidth syn- 
thesis, a technique for measuring time delay that was 
originally developed by A. E. E. Rogers (Ref. 1). In this 
report, the instrumentation, analysis, and results of these 
Goldstone experiments are presented. 


II. Radio Interferometer Technique 

In the radio interferometry measurements described in 
this report, two antennas simultaneously receive the radio 
noise generated by an extragalactic radio source, as shown 
in Fig. 1. Because of a difference in ray paths, a given 
wave front will reach the two antennas at different times. 
This difference in arrival times is called the time delay r. 
In this section, the technique for the measurement of this 
delay is described, while a mathematical model for this 
quantity is discussed in Section IV. 

Since the radio interferometry method has been ana- 
lyzed in detail in other papers (Refs. 1-6), it will be 
described only briefly in this report. Single-channel inter- 
ferometry will be review ed first, followed by an outline of 
two-channel bandwidth synthesis. 

In single-channel measurements, each antenna system 
records on magnetic tape radio noise centered at fre- 
quency with bandwidth W B . The tapes are then carried 
to a central site for digital processing. In this reduction, 
the two data streams are processed to obtain the stopped 
fringes (Ref. 5), which, for channel a, are given by 


Vn(t 


7 m) A|j 


sin (r W B Ar r ) 
-W*Ar r 


COS 


where the stopped phase is given by 




<£„ ~ €t 4- W a (t 9 4* T t 4- Ti — T m ) 4* 4 C a + R<1 


In addition, 

Ar r = Tg 4 T t + Tf 4 To " T m (2) 

In these expressions, 

W B = single-channel bandwidth 
d) , = effective interferometer bandpass center 
\fj a — instrumental phase drifts 
C a = differential charged-particle phase shift 
R* = brightness transform phase 
7 g = geometric delay 


r t — differential tropospheric delay 

t c = differential ionospheric delay 

r/ = instrumental delay* plus clock synchronization 
error 

r m - model delay 
€ — * analytical frequency offset 
— peak amplitude 

Thus the stopped fringes are a product of an amplitude 
factor An, a delay curve, sin (-W 5 Ar r ) (-W^At,.), and a 
sinusoidal function, cos£*. The amplitude factor depends 
on the brightness transform in addition to signal and sys- 
tem noise temperatures. The delay curve is a measure of 
bit stream alignment in the time domain, including all 
group delay effects. This particular form for the delay 
curve assumes that the system bandpass is rectangular 
with a linear phase- verais-frequeney response, an approxi- 
mation of negligible error for the purposes of thi* experi- 
ment. Finally, describes the phase behavior of the sys- 
tem. In this phase is buried the geometric delay r s% the 
observable of primary interest in these measurements. 
Note that since the ionosphere is a dispersive medium, 
the ionosphere effect has been expressed as a phase shift 
in the fringe phase and as a delay in the total group delay. 


The next step in the data reduction is to determine the 
fringe phase by a proves* known as phase tracking 
(Ref. 5), a technique that fits a least-squares sinusoid to 
the stopped fringes After ( t ) is extracted as a func- 

tion of time, the analytical offset et is removed in a man- 
ner that gives the correct sign (Ref. 5) to the resulting 
residual phase. The theoretical behavior of this measured 
residual phase A<£„ is giv en by 


A <j>a — ( r 9 -4 T t 4 Tf — T m ) 4 + C„ -t- (3) 

The adjective “residual” denotes the fact that, in effect, 
the data reduction process subtracts a model delay (r m ) 
from the fringe phase. This “phase stopping” procedure 
removes most of the time-varying components of the 
total delay. 

Because fringe phase can be determined only to within 
a constant (2n?r), narrow-band, single-channel interferom- 
etry can essentially measure only phase changes. There- 
fore, if residual phase is measured over a short time 
interval, it is essentially a measure of residual fringe fre- 
quency given by 

Av, x ===S A<£ a = u> a (Tg 4 T| 4 Tf — Tm) 4 ^r 0 4 Ca 4 Rrt (4) 
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where A<5« is the time derivative of the phase extracted 
from Mie fringes. This time derivative is insensitive to the 
z-component of the baseline, since that particular projec- 
tion does not change appreciably as the Earth rotates. 
Consequently, a measurement of delay is essential if three- 
dimensional baseline measurements are to be made. This 
requirement for delay measurements lead to the develop- 
ment 01 " two-el laiinel bandwidth synthesis. 

In two-channel bandwidth synthesis, the output of each 
antenna system is alternately switched between two 
narrow-band channels. For example, during even seconds, 
l>oth systems would record a bandpass centered at 
while during odd seconds, both would record at For 
channel f .. the stoppt*d fringes ami fringe phase expres- 
sions would be identical to Eq. ( 1 and Eq. (2h except that 
the subscript a is replaced by b. An example of two- 
channel stopped fringes (Eq. 1 with one-second switch- 
ing is shown in Fig. 2. On this Goldstone baseline, this 
radio source. 3C 454.3. has a correlated flux strength of 
about 10 flux units tone flux unit — 10 \V m~ Hz\ The 
amplitude noise on the fringes conics primarily from sys- 
tem noise (receiver, source, and background noise*. This 
plot, which exhibits tin* first 30 s from a 600-s tape-pair, 
displays fnnge points containing 0.5 s of data recorded at 
a 4S-kiIobit s rati*. Alternate stconds in the plot switch 
lietwcen fringes from two channels centered at 2270 MHz 
and 2310 MHz. The stopped fringe frequency is about 
0.1 Hz in !>oth channels and is due primarily to an ana- 
lytical rate offset € in the phase model list'd in fringe stop- 
ping. This offset allows a determi nation of the sign (Ref. 5) 
of the residual fringe frequency A*. ; and Ah> (Eq. 4\ 

Frirge phase plots obtained from these fringes are 
shown in Fig. 3. Each phase point contains 50 s of data 
[iOO fringe points of the type in Fig. 2\ while the enHrr 
plot covers a complete tape-pair (600 s). In the plot, the 
error bars on the phase points represent the phase error 
produced by the actual amplitude noise on the fringes. 
The slope' of each of these phase plots is a measurement 
of residual fringe frequency represented analytically in 
Eq. (4\ Since an accurate model delay was used in the 
data reduction, the phase slope's are relatively constant 
over one tape. The small nonlinear trends ( ^0.03 cycle = 
0.4 cm that are present could be due to ionospheric 
effects. (Nonlinear trends due to large a priori delay errors 
would be quadratic in appearance over this short time 
interval.) Fringe frequency values obtained from the 
phase slopes are important interferometer observables 
and are utilized as shown in Section V. 

In addition to the frequency observable, the measured 
delay v alues can be obtained by combining the phase out- 


put of the twx> channels as follows: 

Ar ^ ~ (5) 
— «*** 

This computed value will be referred to as the a priori 
residual delay. The use of the tenn “residual** means that 
a model delay has in effect kxvn subtracted from the total 
delay, leaving a much smaller v alue. In combining the two 
phase outputs, care must be taken to avoid 2r ambiguities 
(Ref. 5'. When computing Ar. one can assume that the 
channel separation is essentially exactly known, 

since frequency calibration is accurate to parts in 10 1= . 

An example of a delay calculation is shown in Fig. 4. 
where the phase values have been combi ned from Fig. 3. 
Note how* the systematic phase trends in Fig. 3 have dis- 
appeared in the difference, which in effect has scaled 
phase variations at S-band down to much lower levels at 
40 MHz, tlie sy n tin's ized bandwidth. A co variance analy- 
sis indicates that the observe *1 noise on these delay values 
comes almost entirely from the amplitude noise on the 
fringes. Oxer one tape, the residual dela\ At is essentially 
constant du to an accurate delay model Therefore, 
these delay values are averaged to produce one delay 
measurement for each tape-pair. After averaging, the 
resulting delay value's, one for each tape-pair, become 
the primary observables of the interferometer system. 

Note that, if the phase error in A<£, and A£f, is indepen- 
dent of frequency, the delay precision improves as the 
channel separation, «»„ — increases. For this reason, the 
observing frequencies are generally separated as far as 
possible. As discussed in Section III. the maximum chan- 
nel separation is determined bv the bandpass limits of 
the antenna system. 

The theoretical behavior of the measured delay is given 
by the expression (Ref. 5^ 

, — Ch , , , ~ Ct, 

At = Ar r J = t ? -e t, — 7, 4* T r — r m 

(rW, tf>, t «>/, 

( 6 ) 

In the present measurements, the instrumental phase dif- 
ference — Cf, introduces a long-term linear drift in the 
measured delays. This drift is due primarily to a fre- 
quency offset between the frequency standards at the two 
stations. This term, as well as the other components of 
the measured delay, will be modeled in Section IV. 

In summary, the data on each tape-pair are reduced to 
two observable values— time delay and fringe frequency. 
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Before proceeding to a discussion of the mathematical 
model for delay and the fitting procedure, the experi- 
ments and their instrumentation will he described. 

III. Experiment Description 

Over the last two years, five separate radio interferom- 
etry experiments, which are summarized in Table 1, have 
been conducted between DSS 12 and DSS 14 at the 
Goldstone Deep Space Communications Complex. All 
experiments involved S-band observations, JPL H-maser 
frequency standards, and a 24-kHz bandwidth digital 
recording system developed by D. S. Robertson and 
A. H. Legg of the Weapons Research Establishment, 
Australia. As indicated in Table 1. the various experi- 
ments were between 7 and 14 hours in duration and 
involved 13 to 18 radio sources. The sources used in the 
last four experiments are described in Table 2. 

In the first Goldstone experiment (Ref. 2), one narrow- 
band (24-kHz bandwidth 1 * channel of radio noise was 
recorded, so that only the fringe frequency observable 
was precisely obtained- An analysis of the resulting fre- 
quency observables revealed frequency instability at the 
1-mHz level (A f f zz 5 X 10 over several hours. As 
indicated in Ref. 2, the HP5100 synthesizers associated 
with the first local oscillator (LO) signal were the most 
likely source of this instab ility. Consequently, in subse- 
quent experiments, the synthesizers were replaced by 
more stable X7 multip'iers. which will he described below. 

After this first experiment, instrumentation was also 
developed to measure time delay in addition to fringe fre- 
quency. The technique adopted for delay measurements 
required the measurement of more than one channel of 
radio noise. This technique, commonly called bandwidth 
synthesis (Refs. 1 and 5), combines, either directly or 
indirectly, the fringe phase information of band-limited 
channels recorded at frequencies whose separations are 
large compared to that of the single-channel bandwidth. 

In the original application of the bandwidth synthesis 
technique (Ref. 1). six channels were recorded in a time- 
shared mode. However, because of signal -to -noise ratio 
(SNR* improvement and simplification of instrumenta- 
tion, we employed instrumentation that recorded only 
two channels. The only disadvantage of the two-channel 
system is that sufficiently precise a priori delay informa- 
tion is required to avoid 2r ambiguities (Ref. 5). Since 
delay measurement precision improves as channel separa- 
tion increases, the goal of the instrumental design was to 
obtain maximum channel separation within the restric- 


tions of the DSN antenna systems. In the final system, the 
maximum separation \vas defined by the limits of the 
traveling wave maser (TWM) receiver bandpass. 

For the second experiment, a relatively simple instru- 
mental configuration w r as devised to demonstrate the 
feasibility of the two-channel approach to bandwidth 
synthesis. In this intermediate system, w f hich will not be 
described here in detail, tw’o channels separated by 
10 MHz at S-band were heterodyned to intermediate fre- 
quency ( IF ) and added. This combined signal was then 
heterodyned to baseband and continuously sampled at a 
48-kilubit s rate. While this system pays a price in SNR, 
it avoids the complications of simultaneous recorder chan- 
nel switching at the tw o stations. This intermediate instru- 
mentation demonstrated the feasibility of the two-channel 
approach and helped perfect the final instrumentation 
described below. 

The final eon figuration used for bandwidth synthesis is 
shown in Fig. 5. In this system a 10-MHz signal from the 
H-maser is converted to a 2240- MHz first LO signal by 
using only multipliers— the standard X4X8 multipliers of 
the DSN system and a new’ XT multiplier. This X7 multi- 
plier, which was const meted 1 to avoid the use of a synthe- 
sizer, converts the input sinusoid to a square wave, then 
filters and amplifies the seventh harmonic. 

In order to achieve maximum channel separation and 
better delay precision, the S-band traveling wave maser 
receiver bandpass was broadened by re tuning the trim 
coil currents. In this retuned state, the receiver exhibited 
ample amplification over a 40- MHz interval (2270 to 
2310 MHz) while maintaining an operating system noise 
temperature less than 30 K. Therefore, after mixing w ith 
the first LO signal at 2240 MHz, the edges of the receiver 
passband were placed at 30 MHz and 70 MHz. Howwer, 
this frequency spread exceeded the bandpass of the stan- 
dard first mixer preamplifier, which possesses adequate 
gain only over 45 to 55 MHz. Consequently, the standard 
mixer preamplifier was replaced by a similar module w ith 
a bandpess between 10 and 160 MHz, thereby making the 
system TWM-limitod. This IF passband was then filtered 
into two channels— one ce ntered at 30 MHz and the other 
at 70 MHz. Each channel was mixed with a 20-MHz signal 
derived from the H-mascr and each mixer response was 
appropriately filtered to place both channels at 50 MHz. 
At this point, each channel was transferred on alternate 
seconds to the video converter. The video converter mixed 
the input IF signal to baseband with a 50-MHz signal 
derived from the H-maser. The resulting time-shared 
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baseband signal was then passed through a 24-kHz band- 
pass filter before digital sampling and recording at a 
48-kilobit/s rate. 

IV. Time Delay Model 

The residual delay At observed in radio interferometry 
measurements is a sum of geometric, instrumental, and 
transmission media delays, as indicated in Eq. (6). This 
section outlines the model adopted for these terms in the 
observed delay, starting with the largest and most impor- 
tant term, the geometric delay. 

As indicated in Fig. 1, a given wave front will reach the 
two antennas of the interferometer at different times. It is 
readily shown that the geometric delay is given by the 
expression (Ref. 3) 



where B is the baseline vector between the two antennas, 
S is the apparent source direction, V« is the velocity of 
antenna 2, and c is the speed of light. Note that the geo- 
metric delay is essentially the instantaneous geometric 
path difference multiplied by a small correction that 
accounts for the motion of antenna 2 during the wave 
transit. 

In the present analysis, true equatorial coordinates of 
date (TECD) are chosen as the coordinate frame for geo- 
metric delay calculations. In this Earth-centered right- 
handed frame, the z-axis is along the instantaneous spin 
axis of Earth while the x-axis is along the true equinox of 
date. The source vector B and the baseline vector S can 
be expressed in terms of these coordinates as follows. 

In TECD, the source vector S is usually characterized 
by two angles— apparent declinations 8, and apparent 
right ascension These angles lead to the usual expres- 
sion for the source vector: 

S = (cos 8, cos cos sin sin $*) (8) 

The term "apparent” indicates the presence of a correc- 
tion to the source direction that accounts for aberration 
due to the Earths orbital motion (Refs. 3 and 7). In addi- 
tion, precession and nutation of the Earth's spin axis 
(Refs. 7 and 8) are included to rotate to TECD from mean 
equatorial coordinates of 1950.0 since the 1950.0 frame is 
conventionally used to catalogue source positions. In the 
present short-baseline measurements, these corrections 
are easily made with adequate accuracy. 


The baseline vector B must include two general fea- 
tures: an Earth-fixed definition and Earth orientation fac- 
tors. The Earth-fixed vector, B ui , is defined in t^rms of a 
right-handed coordinate frame with a ~-axis toward the 
Conventional International Origin (CIO) pole and X-axis 
along the Greenwich meridian. It will be represented in 
Cartesian coordinates as follows: 

= K^ybtZb) (9? 

where y b are the equatorial components and z b is the 
^-component, as schematically indicated in Fig. 1. 

At this point in the discussion of the baseline vector, a 
definition of antenna location is desirable. The effective 
location of an antenna depends on antenna structure. 
Most directional antennas have two primary axes of 
rotation that allow antenna orientation. For DSS 14, an 
azimuth /elevation antenna, the rotation axes intersect. 
By geometrical considerations, one can show that this 
point of intersection is the effective antenna location. 

On the other hand, DSS 12 is a polar mount for which 
the rotation axes are nonintersecting. In this case, the 
effective location is the point at which the hour-angle 
axis orthogonally intersects a plane containing the decli- 
nation axis. Therefore, for this polar mou t one must 
include the correction factor b cos 8 „ in delay calculations, 
where b is the shortest distance between the twe axes. 
This correction factor accounts for the fact that this type 
of antenna "stretches toward” low-declination objects. For 
DSS 12, the axis separation b is 6.706 m and is easily 
accounted for with adequate precision. 

The baseline vector B rotates in space as a result of 
polar motion and Earth spin. To account for those mo- 
tions, the Earth-fixed baseline vector is rotated to its 
instantaneous orientation in TECD as follows: 

B (f> = R,R p Bm (10) 

where the Earth spin matrix is given by the expression 

cos ac, ~~ sin a G 0 \ 
sin nr, cos a,, 0 I (11) 

0 0 1 / 

and the polar motion matrix is given by 

( 1 0 ~X p a\ 

0 1 Y, a ] (12) 

X p la Y p a 1 / 
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In these expressions, the angle a G is the hour angle of 
the equinox at the time of interest and is easily obtained 
from universal time (UT1). Parameters X p and Y p are the 
polar displacements relative to the CIO pole, while a is 
the polar radius. See Ref. 3 for more detail concerning 
these Earth orientation factors. 

The expressions above for B and § are easily combined 
to calculate the geometric delay for a given source. It 
should be noted that the model for the geometric delay 
outlined abov e neglects general relativ istic effects which, 
for longer baselines, may be significant. 

In these experiments, no corrections were made for 
ionospheric effects. In all the measurements reported here, 
radio sources were observed at night when ionospheric 
delays, inhomogeneities, and turbulence were at a mini- 
mum. At S-band, the nighttime ionosphere causes about 
a 1-m delay along a single ray path at a typical eleva- 
tion angle (^30 deg). However, the difference in iono- 
spheric delays along the two interferometer ray paths 
is the important quantity in delay measurements. Since 
nighttime observations involve a relatively homogeneous 
ionosphere, this difference for a 16-km baseline will be a 
small fraction of a single ray-path delay. As we shall see, 
the delay residuals in the present experiments strongly 
indicate that differential ionosphere delays were less than 
6 cm. Below the 6-cm level, differential ionosphere correc- 
tions, even if they were available, would be of marginal 
value in the present delay measurements. However, as 
discussed in Section V I, the frequency residuals contain 
an unmodeled noise term at the 0.1-mHz level that could 
possibly be an ionospheric effect. 

The total troposphere delay for a single ray path is 
about 4 m for a typical elevation angle. In the present 
w ork, small corrections are made to the delay observables 
to remove small known differences (<15 cm) in tropo- 
spheric delays along the two ray paths. These differences 
are a consequence of Earth curvature as well as a slight 
altitude difference (40 m) between the two antennas. The 
altitude difference produces a 1-cm difference in the “dry" 
component of the zenith tropospheric delay. The Earth's 
curvature leads to elevation angle differences that cause 
differential troposphere corrections as large as 10 cm. It is 
believed that, with these correct* rms, the differential “dry" 
troposphere delay becomes a negligible source of error. 
The total “wet” troposphere delay for one ray path at 
Goldstone is only 10-20 centimeters at typical elevation 
angles. For a 16-km baseline with only small changes in 
altitude, the difference in the wet troposphere between 
ray paths should be only a small fraction ( < 10$) of the 


single ray path delay. It is estimated that, with the listed 
corrections, the total troposphere effect in the delay ob- 
servable becomes a negligible source of error (< 3 cm). 

Finally, with regard to the present instrumentation, 
the instrumental terms (r f , ~ <;&) in the measured delay 
(Eq. 6) can be adequately .iodeled as a constant plus 
a linear drift, where the constant and slope are used as 
solve-for parameters. 

V. Fitting Procedure 

As outlined in Section II, the reduction of each tape- 
pair gives the residual delay At and fringe frequency Av 
for a particular radio source observed for a 12-min inter- 
val. In order to extiact the baseline vector, the delay 
and frequency values from many tape- pairs recorded for 
many radio sources must be simultaneously fit by a least- 
squares technique using a model for the delay. The con- 
struction of a mathematical model for the geometric de- 
lay was outlined in Section IV. This section outlines the 
weighted least-squares fitting procedure used to extract 
the Goldstone baseline. 

In these short-baseline measurements, uncertainties in 
the geometric delay due to errors in source location and 
Earth orientation factors (polar motion, UT1, precession, 
nutation) are small compared with instrumental errors. 
That is, all of these factors have been measured with suffi- 
cient accuracy by other methods so that they may be 
treated as “known” quantities in delay calculations. For 
the radio sources in these experiments, source locations 
have been independently measured with an accuracy of 
0/2-0.9 ?rc seconds, as indicated in Table 2. The posi- 
tion errors in this table represent approximate external 
accuracy, conservatively estimated in some cases by 
root-sum-squaring the quoted internal errors with 0.3 arc 
second. The adequacy of these measurements can be 
demonstrated by the following approximate calculation. 
A typical value for the sensitivity partials in the present 
experiments is approximately 0.1 ns/arc second. When 
this sensitivity is multiplied by a typical source location 
error of about 0.5 arc second, a delay error equal to 0.05 ns 
(1.5 cm) results. This delay error is small compared with 
a typical system noise error of about 7 cm. Similar detailed 
calculations for all sources in Table 2 indicate that these 
source positions are adequate for present delay model cal- 
culations. By similar arguments, one can show that polar 
motion and UT1, which are known with about 0.03 arc 
second accuracy (Ref. 9), also contribute negligible errors 
in delay calculations. The BIH values fo* UT1 — UTC 
and polar motion parameters are listed in Table 3. Finally, 
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known errors in the models for precession and nutation of 
the Earth’s spin axis contribute errors less than 0.2 arc sec- 
ond (Ref. 8), and may be regarded as negligible. There- 
fore, only the three baseline parameters must be regarded 
as solve-for parameters in the geometric delay. 

In addition to the geometric delay parameters, the ob- 
served delay contains unknown offset and linear drift 
terms which are equivalent in effect to a synchronization 
error and rate difference between clocks. The linear drift 
is due mainly to a small uncalihrated rate difference be- 
tween the H-maser frequency standards. In the fringe 
frequency observable, the rate difference becomes a con- 
stant frequency offset. In principle, the frequency offset 
and the delay rate offset should be equal. However, as 
will be shown, the fringe frequency observable contains 
extra noise considerably above the expected system noise. 
In addition, the frequency observable contains elements 
of the frequency system that cancel in the delay observ- 
able. For these reasons, the two rate factors are varied 
independently in the fit so that the frequency offset can 
freely seek its own level without coupling in a corrupting 
fashion with the delay observable. However, comparison 
of the two rate offsets is one means of judging the quality 
of these measurements. 

Under these assumptions, the complete models 2 for the 
residual delay and fringe frequency observables become 


At, 


Ai*t 
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-L 111 
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where Ar„ Ar, are the a priori residual delay and fringe 
frequency for the ith tape-pair recorded at time and N t 
is the total number of tape-pairs. 


The terms in Eqs. (13) and (14) have been accounted 
for as follows. The first terms with partiaLs are the usual 
linear expansions of the residual geometric delay, t 9 — r m , 
where AX/„ A y*, and A Zt> are the solve-for deviations from 
the three components of the a priori baseline used in T m . 
The delay terms r, and r, account for the instrumental 
phase effects entering in the difference A <\> a — A<£*. The 
parameter i , is the offset in the fringe frequency observ- 
able. As indicated in Section IV, transmission media de- 


-Tht geometric fringe frequency is defined by p g == uaTg. 


lays are assumed to be a negligible source of error after 
small tropospheric corrections. Thus, there are six solve- 
for parameters in the fitting procedure: Ax*, At/*, Az*, r„ 

Extra frequency noise, which is discussed in Section VI, 
reduced the strength of the fringe frequency observables. 
Normally, if only system noise is present, each channel 
contributes a statistically independent measure of fringe 
frequency. The extra frequency noise in the present exper- 
iment was almost perfectly correlated between channels. 
This correlation meant, in effect, that the two channels 
produced only one independent fringe frequency mea- 
surement for each tape-pair. 

In order to simultaneously fit the delay and frequency 
observables, the fitting equations (Eq. 13 and 14> are more 
conveniently expressed in the following form: 
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The weighted least-squares solution for p is given by 
the standard matrix expression (Ref. 10) 

p = (A T W'A)-' A T W U (18) 

where the diagonal weighting matrix W is given by 



In the absence of a priori information concerning the 
model parameters, the vector p is the best estimate of the 
solve-for parameters. In the weighting matrix W, <r Tj and 
<r r . are the total measurement error (l«r) on each delay and 
frequency observable. In this solution, it is assumed that 
the noise on a given observable is uncorrelated with the 
noise on any other observable, so that the off-diagonal 
elements of W are zero. For the present experiments, this 
assumption can be partially justified as follows. Delay and 
frequency observables are uncorrelated since, as revealed 
by the fits, the dominant uncertainty in delay is system 
noise, while in the frequency observable, the dominant 
uncertainty is due to some unmodeled noise source, prob- 
ably unpredictable ionospheric variations. The observ- 
ables obtained from different tape-pairs are uncorrelated 
with regard to system noise. It is assumed that the un- 
modeled frequency noise is also uncorrelated between 
tape-pairs. 

The a priori observable noise was assigned on the basis 
of instrumental factors: system noise temperature and fre- 
quency standard noise. 


where s denotes system noise and / denotes frequency 
standard noise. The system noise contribution to each 
observable was calculated by a covariance analysis based 
on amplitude noise on the fringes. (The fringe signal-to- 
noise ratio in this experiment is determined primarily by 
the usual factors: system noise temperature, correlated 
flux, and bit count per fringe point.) The frequency stan- 
dard noise terms were assigned the following values has- d 
on typical JPL hydrogen maser stability (A f/f~ 10“ 14 ). In 
the frequency domain, expected H-maser frequency noise 
is about 23 /iHz at S-band for 700-s integration times. In 
the time domain, the effective delay (phase) noise intro- 
duced by the oscillators is estimated to be about 0.08 ns 
for 8 h of data. This delay noise estimate is considerably 
below the standard estimate (At; ^ 10 14 X 8 h ^ 0.3 ns) 
because of the least-squares fitting procedure. That is, the 
delay offset and linear drift parameters contained in the 
fit absorb most of the delay excursions due to H-mase** 
instability. 

After a given fit, the best estimate of the fit function is 
given by 

'u-Ap ( 22 ) 

The fit residuals for this process are given by the difference 
between the observables and the fit function: 

Au===ti“ti (23) 

Before the final simultaneous fit to both delay and fre- 
quency observables, preliminary fits were made inde- 
pendently to each observable type. These preliminary fits 
were used to establish the actual noise level in each 
observable type and to check for consistency in the result- 
ing baseline (equatorial component) solutions. In the first 
independent fit to a given observable type, the weighting 
errors were assigned the a priori values based on instru- 
mental factors in Eqs. (20) and (21). On the basis of this 
first fit using instrumental error estimates, fit residuals can 
be calculated for the data type under investigation. The 
noise exhibited by these residuals can be tested for con- 
formity with the a priori error estimates by means of chi- 
square analysis The fit chi-square is calculated according 
to the standard expression 


•?, = *?» + <*(/) (20) 

( a *) + ol(f) ( 21 ) 


X* 
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(24) 
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where h denotes either the delay or the frequency data 
type and is the a priori error in each observable. The 
quantity N f is the number of degrees of freedom given by 

N f = N t — N p (25) 

where N p is the number of solve-for parameters (N p is 3 
for frequency observables and 5 for delay) If the fitting 
assumptions are correct, it can be shown that the chi- 
square value will be given on the average by 

<x:> = 10± «)5 <26) 

If the preliminary chi-square, based on instrumental noise, 
falls considerably above this range ( > 9 ), then either the 
observable model is inadequate or the observable noise is 
higher than expected. 

In the present data reduction efforts, the preliminary 
chi-square for a given data-type did fall above the allowed 
range in certain cases. However, in those cases, the extra 
noise on the residuals appeared to be uniformly distrib- 
uted with no trends or singularly bad points. Therefore, 
the total noise on that observable type was uniformly 
increased by adding an extra error term as follows: 

= °r t ($) + <Tr(f) + N* (27) 

for delay observables and 

+ + W (28) 

for frequency observables. The least-squares fit was then 
rerun for that data-type and the extra error term (N r or N v ) 
was adjusted to make chi-square equal to 1.0. Formally, 
this procedure assumes that the total observable noise con- 
tains, in addition to the expected instrumental noise, an 
extra noise source that affects all tape-pairs equally with- 
out correlations between tape-pairs. The principal argu- 
ment in favor of this error adjustment procedure is that 
it is the simplest reasonable assumption that one can make 
when confronted with large, uniformly random residuals 
due to an unmodeled noise source. Furthermore, since 
large uniform residuals indicate degradation of the solu- 
tion, this procedure, in a gross sense, accounts for this 
degradation in the fit and in the resulting covariance 
analysis for parameter errors. 

After the observable noise was determined indepen- 
dently for each observable type by means of the chi- 
square analysis outlined above, the resulting observable 


weighting errors were used in a simultaneous fit to the 
delay and frequency observables to determine the base- 
line. This procedure was repeated for each experiment 
in Table 1, producing one baseline measurement per 
experiment. 

After the final simultaneous fit, including error adjust- 
ments, the covariance error for the solve-for parameters 
was calculated by the standard expression (Ref. 10) 

(°p)i ~ (A t WA)^. k = l y N n (29) 

where 

°p — (<r* 6 , <r„ b , 0z b , <rr s y <T Vg ) 

These covariance error values will be referred to as the 
formal precision. 

VI. Results and Discussion 

The Goldstone baseline has been measured in five sepa- 
rate experiments by means of radio interferometry. The 
first of these experiments, in January, 1971, involved only 
fringe frequency measurements. Since that experiment 
has been described in a previous report (Ref. 2), only the 
resulting baseline value will be included here. This sec- 
tion will outline the fitting results for the four subsequent 
bandwidth synthesis experiments. The fits to the delay 
observable will be discussed first, followed by the fringe 
frequency results. 

The delays observed in the first bandwidth synthe- 
sis experiment are shown in Fig. 6. This set of observa- 
tions covered about 14 h and involved 15 separate radio 
sources. Each data point represents the delay value ob- 
tained from one 12-min tape-pair. These delays were mea- 
sured using two 24-kHz channels separated by 10 MHz 
at S-band with H-maser frequency standards at each sta- 
tion. Note the delay offset and the linear drift that has 
been i itroduced by the instrumentation. The scatter in 
these delay values is due to an intentional 4-m bias in 
the a priori baseline that maps into a delay error which 
changes as the antennas move from source to source. After 
a least-squares fit for the baseline vector, delay offset, and 
delay rate, the delay values in Fig. 6 produce the reduced 
residuals in Fig. 7. Note that these residuals exhibit a 
fairly uniform scatter and an RMS spread of 4.7 ns. 

Delay values measured in the second experiment 
(8/16/72) are shown in Fig. 8. In this case, the two 24-kHz 
channels were separated by 40 MHz, as discussed in Sec- 
tion III. This set of observations covered about 8 h and 
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involved 15 separate radio sources. Again, the scatter in 
delay values is due to an intentional error in the a priori 
baseline. After the least-squares fit, this wide scatter is 
reduced to the small delay residuals in Fig. 9 with an 
RMS spread of 0.5 ns. By contrasting these residuals with 
the residuals of the 10-MHz system in Fig. 7, one readily 
sees the unproved prt ision of the larger synthesized 
bandwidth (note the scale change). 

For the 40- MHz system, delay noise due to system noise 
temperature was 0. 1-1.0 ns foi correlated source strengths 
between 1 and 10 flux units. H-maser flicker noise (A f f zr 
10^ 14 ) should contribute negligible delay noise (zr0.08 ns) 
for 8-h fit intervals. In the fit to the delay observables in 
the first 40-MHz experiment (Fig 9), an additional noise 
term N T equal to 0.25 ns had to be included to bring the 
delay chi-square value down to its proper range (see Sec- 
tion V for a discussion of observable noise adjustment). 
Because of this extra no ; se, the instrumentation configura- 
tion was checked for possible noise sources. In that con- 
figuration, the upper channel was on the wing of the 
system bandpass, down 30 dB from the bandpass center. 
In order to eliminate the possibility of differential phase 
instability due to this situation, the system bandpass was 
broadened by removing the S-band preselector in the 
DSIF receiver and by adjusting the maser magnetic field 
for the last two experiments. When the delay data were 
analyzed for these two reconfigured experiments, no extra 
delay noise was required to place the delay chi-square in 
its proper range. This fitting result is readily ascertained 
graphically by noting that the delay residuals for the last 
two experiments. Figs. 10 and 11, are less noisy than the 
residuals in Fig. 9. An upper limit on possible unmodeled 
noise sources can be established by increasing the noise 
term N T to the level that causes x*to fall below 1.0 by 2a. 
For the last two experiments, the value of N T required for 
such a x 2 reduction is 6 cm. This result indicates that no 
unexpected (e.g., nonmstrumental) noise sources greater 
than 6 cm were present in the delay observable. 

The fact that the delay residuals were at the system 
noise limit places an upper bound on the differential iono- 
sphere delays since the ionosphere effect should exhibit 
a fairly random sign and magnitude. That is, as the an- 
tennas move from source to source, the interferometer 
ray paths pierce areas of the ionosphere hundreds of 
kilometers apart. Since one would expect localized spatial 
inhomogeneities (<16 km) to be dissimilar over such a 
wide range, the differential ionosphere delays are prob- 
ably fairly random and appear as delay noise. Therefore, 
because the delay residuals place a limit on additional 
noise, the differential ionosphere delays were evidently 
less than 6 cm. 


In the fringe frequency fits, the residuals exhibited a 
random distribution with an rms spread of 0. 1-0.2 mHz. 
An example of the frequency residuals is shown in Fig. 12. 
In all experiments the noise observed in the frequency 
residuals was considerably above the expected instru- 
mental noise. For example, the expected instrumental 
frequency noise due to system noise temperature is 20- 
60 }x Hz for correlated source strengths between 3 and 10 
flux units. In addition, H-maser flicker noise can con- 
tribute an uncertainty of about 25 juHz. However, for the 
last f our experiments, the fitting procedure outlined in 
Section V required an additional noise term N v equal to 
0. 1-0.2 MHz to bring the frequency chi square down to 
its proper range. The origin of tLs extra noise could easily 
be the ionosphere. For example, if the differential iono- 
spheric delay changed by 1 cm in 700 s (one tape-pair), 
the frequency effect would be 0.15 mHz at S-band. Since 
the ionosphere delay for a single ray path is 1 m, differen- 
tial delay changes of this magnitude (1$) seem ; jasunable. 

The baselv.w components p* educed by all five experi- 
ments are shown in Table 4 and in Figs. 13 and '4. Note 
that as the frequency system stability unproved and as 
bandwidth synthesis was introduced, the formal precision 
in the equatorial components steadily improved from 
30 cm to about 3-5 cm. For the z-compon :nt, the improve- 
ment in measuremenc precision is even mre dramatic. 
The first experiment (January, 72) did not determine the 
z-component, since only fringe frequency was measured. 
The second experiment (April, 72), with a 10-MHz syn- 
thesized bandwidth, measured the z-component with a 
formal precision of 45 cm. The last two experiments, 
utilizing a 40-MHz synthesized bandwidth, determined 
the z-component with a formal precision of about 3 cm. 
The three baseline components are easily combined to 
give the total length plotted in Fig. 14. Note that for all 
three components and the total length, all interferometry 
baseline measurements are in excellent agreement within 
the formal precision. This agreement indicates that the 
formal covariance errors described in Section V are accu- 
rate estimates of actual precision for the present system. 

The baseline vector between DSS 12 and DSS 14 has 
also been determined by conventional survey techniques 
(Ref. 11) as indicated in Figs. 13 and 14 and in Table 4. 
Note that the length of the baseline vector obtained by 
geodetic traverse is in excellent agreement with the inter- 
ferometry result. However, the results for the three com- 
ponents do not agree, particularly the z-component where 
the disagreement is about 60 cm (3a). Both the interfer- 
ometry and survey techniques are being investigated to 
determine the source of this disagreement. 
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VII. Summary and Conclusions 

A series of Goldstone baseline (16-km) measurements 
have been conducted to demonstrate the feasibility of 
eventually using radio interferometry to monitor tectonic 
motion. In the course of these experiments, frequency- 
and phare-stable instrumentation was developed to allow 
delay measurements by means of two-channel band- 
width synthesis. The final system synthesized a 40-MHz 
bandwidth using a 24-kHz bandwidth digital recording 
system and H-maser frequency standards. The delay 
measurements produced by this system lead to precise 
three-dimensional baseline measurements. Because of 
instrumental improvements, the formal baseline precision 
improved from 30 cm to 4 cm with about 8 hours of data. 
In the last measurements, the delay residuals were found 
to li< at the system noise limit This fact indicates that 
those delay observables were free of unmodeled noise 


above the 6-cm level. In addition, the three most pre- 
cise baseline measurements were in excellent agreement 
within the expected statistics, which indicated a formal 
precision of 2-5 cm for the various components. This 
agreement strongly indicates that formal baseline errors 
produced by covariance analysis were good estimates of 
the actual precision of the present system. 

Since instrumental precision is independent of baseline 
length, these Goldstone measurements demonstrate the 
feasibility of measuring baseline vectors of several thou- 
sand kilometers with ultimate accuracies of 1-4 cm. How- 
ever, attainment of this accuracy for longer baselines will 
require additional calibrations for transmission media 
effects and whole-Earth motions such as universal time 
(UT1), polar motion, precession, and nutation. 
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Table 1. Summary of Goldstone interferometry experiments 


Frperiment 

Synthesized 
bandwidth, MHz 

Observation 
Period, h 

No. of 
Tape-pairs 

No. of 
Sources 

Observables 

A (71/1/29) 

_ 

11 

37 

14 

Frequency 

B (72/4/4) 

10 

14 


15 

Frequency, delay 

C (72/8/16) 

40 

8 

25 

15 

Frequency, delay 

D (72/10/14) 

40 

7 

24 

18 

Frequency, delay 

E (72/10/18) 

40 

7 

19 

13 

Frequency, delay 


JPL TECHNICAL REPORT 32-1526, VOL. XIX 





Table 2. Sources used in Experiments B-E“ 


Source 

Position (1950.0) 

Approximate 
correlated 
flux (f.u ./ 

Observations* 
per experiment 

Reference 

a* 

5. 

P0106 + 01 

1 6 4.48 ± 0.024 

1 19 1.45 ± 0.3 

1.7- 2.5 

B(l) 

CO 






D(l) 

F(0) 

12 

DW 0224 + 67 

2 24 41.14 ±0.033 

67 7 39.61 ± 0.5 

1.1 - 1.7 

B(0) 

CC) 






0(2) 

E(2) 

13 

P 0237 - 23 

2 37 52.62 ± 0.033 

-23 22 6.0 ±0.32 

4.5- 5.5 

B(0) 

c; 2 ) 






1X3) 

E(2) 

12 

3C84 

3 16 29.55 ± 0.02 

41 19 52.2 ±0.3 

10 - 13 

B(0) 

C(l) 






D(l) 

E(2) 

14 

NRAO 100 

4 40 5.27 ± 0.033 

-0 23 20.C ±0.45 

2.5- 3 

B(2) 

C(0) 






D(l) 

E(2) 

12 

3C 138 

5 18 16.525 ± 0.024 

16 35 26.75 ± 0.36 

5-6 

B(0) 

C(l) 






D(l) 

E(l) 

12 

P 0521 - 36 

5 21 12.95 ± 0.028 

“36 30 16.0 ±0.68 

2.5- 3 

B(0) 

C(0) 






r'l) 

E(l) 

15 

P 0730 + 01 

7 36 42.53 ± 0.028 

143 59.9 ±0.5 

2 

B(0) 

C(0) 






L>(1) 

E(0) 

15 

4C 55.16 

8 31 4.38 ±0.05 

55^ 41.8 ±0.4 

8 

B(3) 

C(0) 






0(1) 

E(l) 

16 

P 0334 - 20 

8 34 24.56 ±0.04 

-20 6 29.7 i 0.45 

2 

B(3) 

C(0) 






D(l) 

E(l) 

12 

P 1127 - 14 

11 27 35.61 ± 0.033 

-14 32 54.0 ±0.15 

3-5 

B(4) 

C(0) 






D(0) 

E(0) 

12 

3C273 

12 26 33.239 ± 0.013 

2 19 43.28 ± 0.2 

15 - 2‘ 

B(6) 

C'0) 






D(0) 

E(0) 

17 

3C 309. J 

14 58 56.70 ±0.06 

71 52 10.6 ± 0.32 

3 - 3.5 

B(4) 

CO) 






D(0) 

E(0) 

12 

3C 345 

16 41 17.56 ± 0.033 

39 54 10.7 ±0.36 

7-8 

B(4> 

C(2) 






D(l) 

E(0) 

12 

NRAO 530 

17 30 13.43 ± 0.04 

-13 2 46.2 ±0.54 

2.5- 3 

B(0) 

C(l) 






D(l) 

ro) 

12 

P 1741 - 038 

17 4120.61 ±0.033 

-3 48 -t9.2 ±0.5 

2.5- 3 

B(l) 

C(l) 






0(1) 

E(0) 

13 

3C 371 

18 7 18.49 ±0.04 

69 48 57.55 ± 0.36 

15- 2 

B{2) 

C(2) 






D(l) 

E(l) 

12 

P 2134 + 004 

21 34 5.28 ±0.033 

0 28 25.9 ±0.5 

5.5- 7 

B(2) 

C(l) 






0(2) 

E(l) 

18 

VRO 42.22.01 

22 0 39.31 ±0.04 

42 2 9.0 ± 0.4 

5.5- 7 

B(2) 

C(3) 






0(2) 

E(3) 

16 

P 2203 - 16 

22 3 25.675 ± 0.028 

-18 50 16.8 ±0.28 

3.5- 5 

B(l) 

C(4) 






0(2) 

E(l) 

12 

3C 454.3 

22 51 29 485 ± 0.033 

15 52 54.45 ± 0.45 

10 - 11 

B(i) 

C(2) 






D(l) 

E(l) 

12 

P 2345 - 16 

23 45 27.70 ±0.028 

*6 47 52.7 ±0.42 

2.5 

B(l) 

cd) 






D(0) 

m 

15 

•See Table 1. 
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Table 3. Time and polar motion parameters used in 
Experiments B-E 


Experiment 

UT1 ~ UTC, 
s 

Xp/a 

arc second 

Y ,/a 

arc second 

B 4/4/72 

-0.356 

-0402 

+ 0.185 

C 8/16/72 

+ 0.244 

+0.102 

+ 0.433 

D 10/14/72 

+ 0.068 

+ 0.164 

+ 0.315 

E 10/18/72 

+ 0.055 

+0.167 

+ 0.306 


Teble 4. Gold stone baseline* measurements 


Experiment 

X-omponent f 

TO 

Y-component, 

m 

Z -component, 
m 

Total length, 
m 

A (1/29/71) 

-3178.40 ± 0.20 

10636.9 ± 0.30 

Not measured 

- 

B (4/4/72) 

-3178.57 ±0.11 

10637.08 ± 0.08 

11423.34 ±0.45 

15929.33 ±0.33 

C (8/16/72) 

-3178.515 ± 0.047 

10637.111 ± 0.073 

11423.103 ± 0.055 

159*9.167 ± 0.042 

D (10/14/72) 

-3178.548 + 0.025 

10637.041 ± 0.045 

11423.154 ± 0034 

15029.164 ± 0.021 

E (10/18/72) 

-3178.568 ± 0.026 

10637.132 ± 0.016 

11423.115 ± 0.033 

15929.196 ± 0.031 

Survey 

1963-66 

-3178.73 ± 0.20 

10636.64 ±0.20 

11423,67 ±0.2 

15929.30 ±0.2 

•DSS 14-DSS 12. 
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STOPPED FRINGES U N (r. 



Fig. 1. Geometry of radio Interferometry ex p eriment s 



Fig. 3. Fringe phase values for two-channel 
bandwidth synthesis 



»/ * 


Fig. 2. Stopped fringes for two-channel bandwidth synthesis 


! 1 

SOURCE: JC 454.3 
BASELINE; DSS14-DSS12 
OATE: 8/36/72 

‘ CORRELATED FLUX: =» 10 f u. 
RECORD RATE-. 48 kilobit*/* 
FREQ SYSTEMS: H -MASERS 


= 0.223 ±0.005 cyci* 



Fig. 4. An example of a delay calculation with two-channel 
bandwidth synthesis 
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Fig. 9. Fit May residuals for Experiment C 
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Fig. 12. Fringe frequency residuals for Experiment E 



Fig. 13. Gold stone baseline measurements— 
equatorial projection 
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Improved Dichroic Reflector Design for the 64-m 
Antenna S- and X-Band Feed Systems 

P. D. Potter 

Communications Elements Research Section 


In support of the Mariner Venus/Mercury 1973 (MVM’73) X-band experiment 
and planned future Mariner missions , the 64-m antenna network is being supplied 
with S- and X-band reflex feed systems . The initial installation, for M* r M73, was 
implemented at DSS 14 and provides satisfactory performance for i t mission . 
The X-band performance of the dichroic reflector is y however , not acc ptable for 
planned future missions tohich have more stringent X-band performance require- 
ments. A new dichroic reflector which grossly reduces the X-band ellipticity and 
noise temperature degradation has been designed . In this reporting , the theory and 
experimental performance of this new design is reported. 


I. Theory of Operation 

The design and performance of the existing DSS 14 
reflex feed dichroic reflector (plate) was described in 
Ref. 1 and is shown in Fig. 1. The plate is 3.576 cm thick, 
with an array of hexagonally packed 2.273-cm-diameter 
holes drilled normal to the plate surfaces. The center-to- 
center hole spacing is 2.388 cm, and the required fre- 
quency of operation is 8.415 GHz. 

As described in Ref. 1, the E- and H-plane plate reso- 
nant frequencies (frequencies of complete transparency) 
are displaced because of a difference in the E- and 


H-plane free-space-to-circular waveguide transition dis- 
continuity at the (tilted) plate surfaces. Since the plate is 
used with circular polarization, this resonant frequency 
difference causes a differential phase shift between the 
E- and H-plane, resulting in depolarization of the circu- 
larly polarized incident wave. Additionally, because the 
plate is not reflectionless for all polarizations (at a fixed 
frequency), a serious (approximately 2-K) noise tempera- 
ture contribution results from ground radiation. Actual 
calculations using the Chen Holey Plate Computer Pro- 
gram (Ref. 2) show that the plate E- and H-plane resonant 
frequencies (30 deg incident wave tilt from normal) are 
8.481 and 8.363 GHz, respectively. At the operation fre- 
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quency of 8.415 GHz, a differential phase shift of 11.3 deg 
and an elliptic it/ of 1.75 dB arc predicted. Actual mea- 
sured ellipticity was 1.84 dB. The reflected energy level 
is - 18 dB at 8.415 GHz. 

The approach taken to cure the dichroic plate depolar- 
ization described above was to make the holes slightly 
noncircular in cross section, thus introducing a differential 
E- and H-plane phase shift within the plate to counteract 
the 11.3-deg phase shift. This change is in the nature of 
a perturbation on the original design, rather than a re- 
design; the original plate thickness and hole center spac- 
ing are retained. The particular hole cross section selected 
is “Pyleguide” (Ref. 3). This type of guide, circular with 
a pair of flats on opposite sides, is used by JPL in the 
64-m antenna feed system polarizers. Pyle’s (1964) analysis 
(Ref. 3) is approximate. It is now practical to numerically 
solve the wave equation in a cylindrical waveguide of 
arbitrary cross section, yielding highly accurate guide 
wavelength numbers as a function of geometry. An excel- 
lent computer program for this purpose * " developed 
by Knud Pontoppidan, formerly of the Technics Univer- 
sity of Denmark (Ref. 4). The Pontoppidan program was 
modified for use on the JPL Scientific Computing Facility 
(SCF) Univac 1108 and set up for Pyleguide calculations. 

Figures 2a and 2b show the cutoff wavelength A c as a 
function of Pyleguide geometry for the E- and H-planes. 
The design procedure for the Pyleguide dichroic plate 
was to adjust the guide geometry (using the Pontoppidan 
computer program) until the plate electrical thickness at 
8.415 GHz for the E- and H-planes corresponded to those 
in the original circular hole plate at 8.481 and 8.363 GHz, 
respectively. The resulting geometry is shown in Fig. 3. 
The hole diameter is 0.013 cm larger than the original 
circular hole design, and the flat depth is 0.043 cm. Thus, 
the redesign is only a small perturbation on the original 
design. 

To test the Pyleguide dichroic plate design, a sample 
section of plate 35 X 53 cm in size was fabricated. The 
holes were made with a broach, allowing tight tolerances 
(d=0.005 cm) to be held on all hole dimensions. Although 
performance of this type of dichroic plate is relatively 
noncritical with regard to tolerences, the strict control 
was imposed both as an experiment in fabrication tech- 
nique (there were no problems) and also to provide a 
good check between predicted and measured perform- 
ance. Figure 4 is a photograph of the sample Pyleguide 
dichroic plate. The following section describes the mea- 
sured performance. 


II. Experimental Results 

The X-band performance of the Pyleguide dichroic 
plate sample was measured in the JPL Mesa Antenna 
Range anechoic chamber facility. Complete pattern data 
were taken at the design (ai \ operational) frequency of 
8.415 GHz; frequency-scanned pattern data were taken in 
the reflex feed symmetry plane. Optimum performance 
was observed at the design frequency of 8,415 GHz. No 
pattern distortion, grating lobe response, or other un- 
expected behavior was observed. 

Figure 5 shows the radiation pattern of the corrugated 
feedhom by itself. Figure 6 illustrates the pattern of the 
feedhom /tilted dichroic plate combination in the plane 
containing the horn axis and the plate normal (symmetry 
plane). For these patterns, the horn was circularly polar- 
ized and the illuminator was linearly polarized hut rapidly 
rotating about its axis. Thus, at each point in the radiation 
patterns, the ellipticity is displayed as a rapidly modu- 
lated signal level. As seen in Fig. 6, the ellipticity nulls 
out at a point 3 deg off axis and is 0.4 dB on axis. From 
symmetry considerations, the antenna secondary pattern 
axial ellipticity will be nearly the same as the feed system 
axial ellipticity. 

In Fig. 6, the large lobe in the region of 120 deg is the 
reflection from the horn side of the dichroic plate. This 
reflection gives rise to a noise temperature contribution 
from ground thermal radiation when the antenna is at low 
elevation angles. The power- average level for the Pyle- 
guide dichroic plate is *“24.5 dB, yielding a maximum 
noise temperature contribution of 0.7 K. The original 
round-hole plate has a power-average reflection lobe level 
of - 18.6 dB, yielding a noise contribution of 2.7 K. This 
latter figure has been experimentally observed at DSS 14 
(see Fig. 8 of Ref. 1). 

III. Conclusion 

A different type of hole, “Pyleguide,” has been incorpo- 
rated into the reflex feed dichroic plate design to alleviate 
polarization degradation and noise temperature contribu- 
tion due to plate mismatch (reflection). The plate ellip- 
ticity degradation has been reduced thereby from 1.8 to 
0.4 dB; the maximum noise temperature contribution has 
been reduced from 2.7 to 0.7 K. The ideal hole shape is a 
function of its location on the plate. The Pyleguide plate 
tested had all identical holes. Further performance im- 
provement, if required, appears possible by use of non- 
identical holes. The ability to perform this type of design 
entirely analytically has been demonstrated. 
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Fig. 2. Normalized cutoff wavelength of Pyieguide (a) Flats in the electric plane (b) Flats in the magnetic plane 
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Fig. 6. Corutated feedhom/Pyleguide dlchroic plats radiation pattern, symmetry plane, 8.415 GHz 
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Range Measurements to Pioneer 10 Using the 
Digitally Controlled Oscillator 

A. S. Liu 


Analysis of the new doppler data from DSS 14 using 0 e Digitally Controlled 
Oscillator (DCO) t has established that ramping the carrier frequency by the 
DCO will enable us to obtain range measurements to Pioneer 10 without the use 
of a ranging system per ~e. The accuracy of these measurements is on the order 
of 10 km. 


I. Introduction 

The tuned oscillator range analysis (TORA) experi- 
ment utilizes the new DSN programmed oscillator de- 
vice at DSS 14. This ne' equipment was added to 
DSS 14, Goldstone, California, and DSS 43, Canberra, 
Australia, for the purpose of tracking Pioneer 10 during 
Jupiter flyby. It was noted that ranging information could 
b. obtained when the transmitted frequency was ramped 
by means of a digitally controlled oscillator (DCO). The 
returned signal shows a pattern that is dependent upon 
the round-trip light time, enabling measurements to be 
made of the distance from the station to the spacecraft. 

Since the primary purpose of the installation of the 
DCOs was to support Pioneer 10 commanding during 
Jupiter encounter, training exercises were scheduled to 
permit station operators to become familiar with the new 
equipment and to establish working procedures for the 
Jupiter flyby. Data taken from DSS 14 were utilized 
during several of these training exercises, and processing 
of the data was begun to see if range information could 
be extracted. Supplied with information about the fre- 


quency rates and imtiation times of the DCO during those 
passes, the data were successfully analyzed and several 
round-trip range estimates of the Pioneer 10 spacecraft 
were made. 

The concept of using ramped frequency doppler for 
ranging is analogous to inferring distances .>/ an echo. 
By ramping the carrier frequency, a unique correspon- 
dence between time of transmission and frequency of 
transmission if c tabhshed. rarther, by noting the tinm 
and frequent A reception, one can then associate a time 
of transmission with that frequency, thus a time delay, 
or round-trip distance, is inferred. 

Figure 1 is an illustration of this principle. It shows the 
doppler counter readings after subtraction of reasonable 
estimates of shifts due to Earth and spacecraft motion, 
etc., computed as ordinary doppler at the initial trans- 
mitted frequenev. The dashed line indicates the tuning 
p ofile of the exciter at DSS 14 as a function of time. The 
exciter is also used as a reference signal to heterodyne 
the time-delayed received signal from Pioneer 10 (effects 
on residuals shown as ? solid line). Thf difference between 
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the reference frequency and the received signal is inter- 
pi *ted as Pioneer 10 “doppler data/* to be used in the 
'nlnt determination process. The effects ot the ramps on 
the received signal (solid line) are also shown, but with 
a delay of about 1 h, which is the time required for the 
signal to reach the spacecraft and return to the ground. 
As can be seen, the difference between the received signal 
and the ground reference produces the doppler residuals, 
which are on the order of 200 kHz. 

II. Data Analysis 

Two sets of DSS 14 Pioneer 10 data were analyzed. The 
ramp patterns are tabulated in Tables 1 and 2. The first 
pass of data (Pass 1) was taken on June 19, 1973, and the 
second (Pass II) on July 10, 1973. 

A. Pass I 

To analyze this pass, we used the initial cc editions of 
Pioneer 10, supplied by Pioneer Project Navigation. Based 
upon this orbit, round-trip light times for eac v data point 
were c iputed. The e\tra cycles were removed from the 
data according to th^ required light time transit. 

The result is presented in Fig. 2. It is interesting to 
note the step residuals due to the misplacement of 
Pioneer 10 in this assumed trajectory by approximately 
250 kv . The ramped doppler data provide an additional 
measurement dimer ion not readily or directly available 
from conventional doppler. The unramped doppler yields 
a solution of the orbit by inference through the accelera- 
tion dynamics after sufficient spatial motion has occurred 
(about 6 weeks or longer). 

The step biases are due to a trajectory n.und-trip light- 
time error times a ramp rate. Since we may regard the 
orbit error to be a constant over one pass, the offsets are 
due only to differing ramp rates. Thus, the largest offset 
is due to a ramp rate of 150 H ' Halfway between, one 
sees a bias of half that * from a ramp rate of 
74.9984 Hz/s. Centered v* a . *.v' ro are the two offsets 
caused by a ramp rate of +:30 Hz/s. 

B. Pass I* 

A second set of data, taken on July 10, 1973, was 
analyzed. In the intervening period, a trim maneuver had 
taken place. This necessitated a solution for the new orbit. 
Additions were made to the code ii. ne Planetary Crbiter 
Error Analysis Study (POE AS) Program, which included 
the new data and partial derivatives required tor an 
automatic least-squares differential-correction process. 
The July 10 data were sent through POEAS, and auto- 


matic iterations for the solution of the new orbit were 
begun. After the first iteration (the best available solution 
was not used), the Doppler data were centered about 
zero, but the range was still in error hv an amount equiva- 
lent to 0.5 Hz (Fig. 3). Since the ramp rates for this pass 
were all 100 H/./s at S-band, the offsets were the same 
size and centered about zero. After tlu* second iteration 
all of the biases disappeared, indicating the data deriva- 
tive fo; initiation and program coding to he correct and 
thus causing the solution to converge. There was a re- 
ported programmed oscillator control assembly (POCA) 
initiation time error of 5 s. causing residuals of 500 H? to 
appear in the middle of this pass. For the sake of this 
demonstration rather than correcting the time inputs to 
the program, these data were eliminated from the data 
set used for the orbit solution. 

When the “blunder points'” were removed, we were 
able to adjust the orbit so that the data residuals were 
on the order of 1/1000 Hz. Figure 4 show s the result of 
this solution. 

The figure shows the level to which tlv* ramp frequency 
data can be fit when all the blunder points have been 
removed. It is evident that the only noise component 
remaining is the high-frequency component, and when 
the ramp pattern is included in the data analysis, the new 
DCO doppler data residuals look the same as the con- 
ventional unraniped data residuals. 

III. Conclusions and Summary 

Based on the analysis of two sets of Pioneer 10 ramping 
doppler data from DSS 14, the system shows promise of 
providing a new measurement dimension (i.e., range) 
from doppler data. The problems at present seem 
tractable. 

Our inlet pretation of the data seems sound, and its 
^corporation into computer programs yielded reasonable 
results. The prototype program furnishes us with insights 
Into the procedures for developing the navigation pro- 
grams to account for this new data type in i logical 
manner. 

In summary, as a demonstration exercise, we have 

(1) Obtained some understanding of the POCA. 

(2) Developed the software required to analyze the 
data from an orbital correction approach. 

(3) Interpreted our results in terms cf a new data 
type corresponding to topocentric range to the 
spa ecraf t. 
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Table 1. Ramp test pattern for June 19, 1973; 
start time T. = 9:4ft00 



Ramp 

on time (7 U - 

T) 

Ramp rate 


n 

min 

s 

exciter. Hz/s 

1 

0 

0 

0 

150 

2 

0 

3 

20 

75* 

3 

0 

10 

00 

30 

4 

1 

27 

47 

0 

5 

i 

32 

47 

-30 

6 

2 

50 

34 

-75* 

7 

2 

57 

14 

-150 

8 

3 

00 

34 

0 

9 

3 

05 

4" 

-150 

10 

,o 

09 

07 

—75* 

11 

3 

15 

47 

-30 

♦ 2 

4 

33 

34 

0 

J3 

4 

38 

34 

30 

14 

5 

56 

21 

75* 

15 

6 

03 

01 

150 

16 

6 

06 

21 

0 

•Actual S-band rate ±74*9984 Hz/s. 


Table 2. Ramp test pattern for July 10, 1973 



Ramp 

on time. 

GMT 

Ramp rate 
— (DCO)* at 


n 

min 

s 

excHer, Hz/s 

1 

0G 

30 

00 

3.125 

2 

06 

46 

40 

0 

r 

* 

07 

09 

43 

-3.125 

4 

07 

26 

23 

0 

5 

07 

47 

03 

-3.125 

6 

08 

03 

43 

0 

7 

08 

26 

46 

! 3.125 

8 

08 

43 

26 

0 

9 

09 

04 

06 

+3.125 

10 

09 

20 

46 

0 

11 

09 

43 

59 

-3.125 

12 

10 

00 

39* 

0 

13 

10 

21 

19 

-3.125 

14 

10 

37 

59 

0 

15 

11 

01 

C2 

±3.125 

16 

11 

17 

42 

0 

17 

11 

38 

22 

±3.125 

18 

11 

55 

02 

0 

19 

12 

18 

04 

—3.125 

20 

12 

34 

44 

0 

*S-band rate — 32 X DCO rate = 
b Suspected time error of —5 s. 

100 Hz/s. 
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Fig. 1. Ton experiment June 19, 1973— DSN 14 Pioneer 10 floppier residuals (effects of mmps not modeled) 
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Fig, 3. Tor* experiment, July 10, 1973— DSN 14 Pioneer 10 data with orbit and ramp corrections, second iteration. 
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Fig. 4. Tora experiment, July 10, 1973— DSN 14 Pioneer data with orbit and ramp corrections, final iteration. 
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S/X Open-Loop Receiver 

H. G. Nishimura 
R. F. Systems Development Section 


An operational DSN S-band receiver having tico independent channels was 
modified to provide capability for coherent reception at S- and X-bands simul- 
taneously. Coherence at both bands was accomplished by using a base-frequency 
multiplier which was common to both the S- and X-band local oscillator multi- 
plier chains . 


I. Introduction 

In order to meet the occultation experiment require- 
ments for coherent downlink phase information from a 
spacecraft at S- and X-bands, the DSN S-band open-loop 
receiver at DSS 14 was modified. Presently, the open- 
loop receiver has two independent S-band channels. 
Channel 2 was modified to receive at X-band. This modi- 
fication was made without disturbing either S-band link. 
To meet the requirements, Channel 2 was preceded by 
an X- to S-band down-converter. Switching networks 
were added so that in the new S/X-band mode, occulta- 
tion experiments can be carried out simultaneously at 
S- and X-bands. Coherence requirements for the two 
downlink signals were met by utilizing a common base- 
frequency for both the S- and X-band local oscillator (LO) 
chains. Whenever possible, components and modules 


already designed or in DSN use were employed in order 
to minimize replacement spares and cost. 

II. Physical Description 

The S/X open-loop receiver t nsists basicall} of two 
assemblies mounted in the tricone at DSS 1 4. One assem- 
bly, called the S/X open-loop receiver pane) (panel), 
contains the times sixteen (X16) base-frequency multi- 
plier and other lower-frequency multipliers to generate 
the LO signal jOi the existing S-band mixers (see Fig. 1). 
The panel, mounttd in receivei cabinet 9, .s 43 cm wide, 
51 cm long, and ° high. 

The other assembly, S/X open-loop receiver box (box), 
consists of a weather-resistant enclosure containing the 
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components required in the generation and conversion of 
the higher X-band frequency (Fig. 2). The Box measures 
approximately 41 X 51 X 15 cm deep. 

III. Development 

Figure 3 shows a block diagram of the S/X open-loop 
receiver. Basically, the system consists of two reference 
frequency sources which drive frequency multiplier 
chains to supply the LO signals for the existing S-band 
mixers and the new X-band mixer. The X 16 base- 
frequency multiplier, which is common to both multiplier 
chains, has dual outputs. One output provides the drive 
for the S-band LO chain, while the other provides the 
drive for the X-band LO chain. Coaxial RF switches select 
either normal S-band operation or the new S/X-band 
mode. In the normal S-band mode, the existing S-band 
LO signals are switched into the existing S-band mixers. 
In the S/X-band mode, the new coherent S- band LO is 
switched to the existing Channel 1 S-band mixers, and 
simultaneously, the X-band LO is switched to the new 
X-band mixer in Channel 2. 

Starting at the upper left in Fig. 3, reference frequency 
source / x drives the dual output X16 base multiplier. One 
output of the X16 multiplier drives a X3 multiplier, 
which generates the nominal 2245-MHz LO for the 
existing S-band mixers. This LO signal is split by a 3-dB 
hybrid and followed by bandpass filters FL1 and FL2. 
Switches SI and S2 are operated simultaneously and, for 
S/X-band operation, select the new coherent LO gener- 
ated by the X16 and X3 multipliers. For normal S-band 
operation, SI and S2 select the existing S-band LO signals. 
Either set of LOs is applied to the existing S-band mixers 
in Channels 1 and 2. 

The other output from the X 16 base multiplier is used 
to further develop the LO for the new X-band mixer. 
At the left in Fig. 3, reference frequency source f 2 drives 
a Xl/3 frequency multiplier. The output is mixed with 
the output from the X 16 multiplier. The resultant sum 
frequency, 9 nominal 765 MHz, is further multiplied by 
a X8 multiplier to provide the 6120-MHz LO drive for 
the X-band mixer. The LO is processed through band- 
pass filters and isolators HY2, FL3, HY3, FL4, and HY4 
before being applied to the X-band mixer. The X-band 
downlink signal, nominally at 8415 MHz, comes in 
through the preselector filter and mixes with the 6120- 
MHz X-band LO in X-band mixer Ml. The resulting 
difference intermediate frequency at 2295 MHz is ampli- 
fied by AR1. Switch S3 operates together with switches 


SI and S2, and when it is in the S/X-band mode, selects 
the 2295-MHz S-band IF generated by the X- to S-band 
mixer. When the switch is in the normal S-band mode, 
it selects the normal 2295-MHz S-band signal to Channel 
2. The signal is then fed to the S-band mixer in Chan- 
nel 2. The various signal frequencies are shown in the 
diagram. 

Perhaps the most significant area of development 
dealt with the suppiession of spurious signals generated 
by the 6120-MHz X8 frequency multiplier in the X-band 
LO chain. 

Intermodulation products are generated in the mixer 
following the X8 multiplier due to mixing of harmonics 
and sidebands of the X8 multiplier output. Since the 
S and X-bands are coherently related, the X3 sideband 
at the output of the X8 multiplier is at the same fre- 
quency as the IF from the X-band mixer. In addition, 
the X5 and XU sidebands mix with the X8 output 
also to generate an interference signal at the same fre- 
quency. The interference signals could mask the real 
signals if they were not adequately attenuated. Faced 
with these possibilities, the best approach was to sup- 
press every harmonic of the X8 input frequency appear- 
ing at the multiplier output except the required LO for 
the X-band mixer. 

Bandpass filters FL3, FL4 and wideband isolators 
HY2, HY3, HY4 were used for this purpose. Typical 
microwave filters are of the reflective type, wherein high 
voltage standing wave ratio (VSWR) is exhibited in the 
reject band. The addition of an isolator at the inp 1 t port 
allows tU isolator to absorb the out-of-band reflected 
signals by an order of about 20 dB per unit. The isolator 
also helps in creating a better match for the in-band 
frequencies. 

Before one can realize higher orders of suppression, 
RF leakage must be eliminated or at least minimized. 
Therefore, special precautions were taker in packaging 
the X8 multiplier, isolator HY2, and filter FL3 (Fig. 4). 
The X8 multiplier and HY2 were mounted within an 
RF-shielded enclosure. The input interface of FL3 was 
mounted flush against one exterior surface of the enclos- 
ure, with the input connector protruding into the enclos- 
ure through a clearance hole. The two mounting surf a jes 
were machined smooth in order to minimize leakage. 
With this arrangement, the filter input was virtually RF- 
isolated from its output. Skin currents at the input were 
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contained within the enclosure. Test results confirmed 
excellent containment of leakage in the area of the X8 
and FL3. 

Before the filtering was added, the interference signal 
levels were approximately —85 dBm following the X- to 
S-mixer. With the addition of HY2 and FL3, this level 
was reduced to —141 dBm, a reduction of 56 dB. A 
second suppression stage, ; ;nsi sting of HY3 and FL4 
was added, and this reduced the spurious wels well 
below threshold signal levels. Because of reactive cou- 
pling between FL4 and the X-band mixer, HY4 was 
added to insure a better VSWR. 

Certain precautionary measures had to be observed 
when working with these high attenuation levels: 

(1) Connectors had to be clean at their mating sur- 
faces. Slight amounts of foreign matter can easily 
influence test results. In this respect, the smaller 
connectors, such as SMA, are notorious for gen- 
erating metal flaking from their threads. Both con- 
nector ends should always be examined for 
cleanliness before mating. 

(2) SMA connections easily become loose during the 
course of testing and development. Best results 


were obtained when these connections were 
torqued to about 12.4 g- cm (9 in. -lb) before 
starting tests. 

IV. Discussion 

The S/X modification is an R & D type of installation. 
Work will shortly be under way to provide a permanent 
unit at DSS 14 which will replace the R&D system. An 
S/X open-loop receiver will also be provid x 1 at DSS 43. 

Because of the space limitations in receiver cabinet 9, 
the present S/X open-loop receiver panel will be recon- 
figured, possibly by relocating the X 1/3 multiplier-mixer 
to the box assembly. 

Additional trimmer attenuators may be added to 
further balance the S-band LO signals. A crystal detector 
monitor will be added to provide control room personnel 
with an indication of the X-band and LO signal. 

The X8 multiplier will be replaced by a X2 multi- 
plier, followed by a X4 multiplier. This change in the 
X8 multiplier chain should reduce the levels of unde- 
sirable S-band signals appearing at the output of the 
X-band mixer. 
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X-Band Radar System 

R. L. Leu 

R. F. Systems Development Section 


The radar development effort xctU provide the technology necessary for a ider 
bandwidths at increased ranges. This technology will be applicable for use in 
uplink and downlink communications with future spacecraft . 


I. Introduction 

Radar development effort will provide the tech- 
nolog)' necessary for wi ler band widths at increased 
ranges. This technology will be applicable for use in 
uplink and downlink communications with future 
spacecraft. 

The increased antenna gain (approximately 7 dB) 
will decrease the observation time for radar targets by 
a factor of 20. The wider bandwidth will allow faster 
ranrre codes for improved ranging resolution. The Grst 
use of the new radar system will be to study the rings of 
Saturn as a possible hazard to na' Ration. This oi;por- 
tunity will start in December 1974. 

Althot ^h then, have been some developmental prob- 
lems with the 250-kW klystrons, waveguide couplers, 
and several control assemblies, tne scheduled opera- 
tional date of December 1974 appeers realistic. In 
addition to the technical difficulties discussed in this 
article, the other major obstacle is obtaining sufficient 
antenna time for installation and checkout on the 64-m 
antenna at DSS 14. 


II. Radar System 

The radar system as discussed in Ref. 1 has under- 
gone some changes. The system specifications are given 
in Table 1, and a block diagram is presented in Fig. 1. 
The radar wall use a two-feed arrangement as shown 
only if a high-power polarizer (more specifically, the 
rotary' joints in the polarizer) eanntu be developed prior 
to the radar installation for the rings of Saturn oppor- 
tunity. The transmit feed (Fig. 1, feed A) will be used 
as the transmit-rcceive feed, and the receiver feed (B) 
will be used as a backup. The two-feed arrangement is 
undesirable for optimum performance and will be used 
only as a Last resort. 

With a two-feed system and the present subreflector 
pm locations, the radar will have worst-case antenna 
degradation 'f approximately 1.3 dB. The 64-m 
antenna subreiiector w a> lot designed for continual 
focusing operation. It wdu have to remain in a fixed 
position and not moved between the transmit and re- 
ceive feeds. If the subreflector is focused at a point 
mid way between the feeds (Fig. 2), the degradation 
will be approximately 0.5 dB. As the radar is switched 
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from receive to transmit mode or reversed mode, the 
antenna pointing will be changed automatically with 
the computer-o*> atcd antenna pointing system to cor- 
rect for the u. verge nee of the ttansmit and receive 
antenna beams. software required to perform this 
operation was developed for another project. To im- 
prove the performance of a two-feed system, a con- 
figuration worth considering would locate the two feeds 
side by side (Fig. 2b V This would require reconfiguration 
of the cone layout and provision of new pin locations for 
the subreflcctor. The performance* degradation wou 1 1 be 
0.25 dB. 

As indicated in Table 1, the transmit-receive cycle will 
vary in duration depending on the target being observed. 
The round-trip time for the rings of Saturn is 2 l s h. 
During the transmit cycle, the radiated RF power must 
be switched on and off at a 30-s rate. This is disastrous to 
the klystron amplifiers, as discussed in Ref. 2. References 2 
and 3 discuss an approach being implemented in the 
radar system for switching the radiated RF power on and 
off. A second method, now* being used in die S-band 
radar, that shifts the RF carrier in frequency (about 
1 MHz) at a 31-s rate, will also be available. 

III. Transmitter 

At the time of this writing, three 250-kW klystrons, 
six waterloads, three dual directional w aveguide couplers, 
and most of the electronic assemblies have been delivered. 
One klystron w as operated at 225 k\V for a short time 
before failure One of the waveguide couplers was defec- 
tive. and the odier two malfunctioned at 125 to 150 kW. 
The malfunction was due to improper design of the 
terminations in the secondary arms of the couplers. They 
have been rebuilt and will be retested. Because of the 
shortage of materials and components in the electronic 
industry, se .*ral of the elecUonic control and monitor 
assemblies are late in delivery. This is not expected to 
cau se anv delay in the schedule. 

IV. Microwave Components 

Two hybrid comL.ners (Ref. 4) have been delivered, 
and unit w as tested in excess of 225 kW at one port. 
Toting of the hybrid with two 200-kW inputs will take 
place in the third quarter of FY74. Waveguide switches, 
waveguide test equipment (slotted line, precision sliding 
load, sliding short, etc.) and waveguide components have 
been delivered. The switches and ,ome waveguide com- 
ponents will be tested at 250 kW by January 1, 1974, 


V. Feed 

The basic feed horn design has been completed and is 
presently being fabricated. The feed horn will be ready 
for RF power testing by January 1974. The polarizer, 
including rotary joints, will be ready for testing in 
February 1974. 

The polarizer is the primary suspet** area for break- 
down from arcine and corona in the feed system. As 
discussed previously, should the rotary joints not handle 
the 400-kW power, they will be temporarily replaced 
w ith straight sections of waveguide in order to meet the 
December 1974 operational date. Development of the 
polarizer wnuld continue, and it would be installed at a 
later time. The fet'd horn design will be the same for both 
feeds (transmit and receive). The rcccr** feed will use the 
movable polarizer as a backup T>r th\* iransmit/receive 
feed. 


VI. Exciter 

The exciter is required to generate the 8.495-GHz 
frequency and rhlO-MHz phase modulation bandwidth 
for the radar. The output of the exciter drives the buffer 
amplifier assembly, which drives the dual klystron ampli- 
fiers. The exciter is on extension of the Block IV exciter 
that hr~ ** switched output (530 MHz) for the X-band 
radar. This output drives a multiplier (X16) to obtain 
8.495 GHz. The X 16 multiplier has been designed, pro- 
cured, and delivered and will be located in th~ buffer 
amplifier assembly, as shown in Fig. 1. 

VII. Receiver 

The receiver will consist of the existing Block IV re- 
ceiver X-band channel and the X-band traveling-wave 
maser (TWM) now located in the multi X-band/K-band 
(MXK) feed cone at DSS 14. The Block IV* receiver is 
presently being tested at DSS 14 and will be available in 
time for the December 1974 operational date. 

VIII. C rtng 

Cooling water is required for the klystron, waterloads, 
waveguide components, and feed. The coolant is provided 
by modification to the existing transmitte r coolant assem- 
bly and the waveguide coolant assembly. The modifica- 
tion to the former has been completed, and the waveguide 
coolant system modification will be ready prior to the 
radar installation. 
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Table 1. X-band radar system specifications 


System 

Specifications 

Frequency 

$495 ±25 MHz 

RF output 

400 kW ( -86 dBm) 

RF stability 

±0.5 dB 

Phase modulation 

0-100% carrier suppression, 50 kHz 
to 10 MHz 

Phase jitter system 

5 deg RMS 

T ransmit-receive cycle 

3 min to 2.5 h 

Med alatkm 

On/off during transmit at 10 s to 
30 min 

Received mode 

Polarization diversity 

Subreflector focusing 

Transmit/receive 
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An Algorithm for the Computation of Linear Forms 

J. E. Savage' 

Commuricaaons Systems Research Section 


Many problems , including matrix-vector multiplication and polynomial evalua- 
tion, involve the compirtation of linear forms. An algorithm is presented here that 
offers a substantial improvement on the conventional algorithm for this problem 
when the coeji lent set is *maU. In particular , this implies that every polynomial 
of degree n with at most s distinct coefficients can be realized with 0(n/log M n) 
operations. It is demonstrated that the algorithm is sharp for some problems . 


I. Introduction 

How many operations are required to multiply a vector 
by a known matrix or evaluate a known polynomial at one 
point? Such questions are frequently asked and Winograd 
(Ref. 1) has shown the existence of real matrices and poly- 
nomials (containing indeterminates over the nationals, for 
example) for which the standard matrix-vector multipli- 
cation algorithm and Homers rule for polynomial evalu- 
ation are optimal. That is, n s real multiplications and 
* (a - 1) additions are required for some n X n matrices 
•v f uitrply the matrix by an n-vectcr, and n multiplica- 
w v im! n additions are required by some polynomials 
• * n to evaluate the polynomial. In this paper, we 
c Algorithm for the computation of *1 inear forms" to 
s* ow that the nXn matrix-vector multiplication problem 
a • i the polynomial evaluation problem can be solved with 


1 Consultant from Brown University; Division of Engineering. 


0(n-/log JI (n)) and C) (n/log, (n)) operations, respectively, 
when the matrix entries and the polynomial coefficients 
are known and drawn from a set of size s (even when the 
entries and coefficients are variables). These results are 
obtained by exhibiting potentially different algorithms 
for each matrix and each polynomial. 

The algorithm presented here for the computation of 
“linear forms" is very general and can be applied to 
many problems including matrix-matrix multiplication, 
the computation of sets of Boolean minterms, of sets of 
product over a group, as well as the two problems men- 
tioned above. Applications of this sort are discussed in 
Section III. 

We now define “linear forms." Let S and T be sets and 
let R be a “small" finite set of cardinality | R | = s. Let 
• : R X S T be any map (call it multiplication) and let 
+ iT XT T be any associative binary operation (call 
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it addition). Then the problem to be considered is the 
computation of the m “linear forms'* in x u x : , * * ,x„ 

+ a i2 *x 2 4 - - 1 — * — 

where a,, eR and x, f S. The elements in R shall be re- 
garded as symbols that may be given any interpretation 
later. For example, in one interpretation, R may be a finite 
subset of the reals and, in another, R may consist of $ dis- 
tinct variables over a set (), say. 

An algorithm is given in the next section that for each 
m \ n matrix of coefficients A — {a,,} evaluates the set 

L t (x) = 2 <*i ,x, 1 1 ^ i ^ m | 

of linear forms with 0(mn log, (m)) operations, when m 
is large where $ — | R | . The conventional direct evalua- 
tion cf L t (x involves mn multiplications and m(n — 1) 
additions, so an improv ement Is seen when s is small rela- 
tive to m. 

Polynomial evaluation is examined in Section IV and 
the algorithm for linear forms is combined with a decom- 
position of a polynomial into a veetor-matrix-vector mul- 
tiplication to show that even* polynomial of degree n 
whose coefficients are taken from a set of s elements car 
be realized with alxmt \~ns scalar multiplications, 2 Y ri 
nonscalar multiplications, and O (n log, (n)) additions, 
when n is large. The polynomial decomposition is similar 
to one used by Paterson and Stockmeyer (Ref. 2), and it 
achieves about the same number of nonscalar multiplica- 
tions but uses fewer seal; multiplications and additions. 

In Section V, a simpi* aunting argument is developed 
to show that the upper bounds derived in earlier sections 
are sharp for matrix- vector multiplications by “chains,** 
that is, straight-line algorithms. 

II. The Algorithm 

The algorithms for computing L x (x ), where |R| — 8, 
will be giver in terms of an algorithm ^ for the construc- 
tion of all distinct linear forms in t/ lv y 2 , - * , y k with coeffi- 
cients from R. That is, computes L B (y) where B is the 
s* X *■ wtrix with s* distinct rows and entries from R. The 
algorithm A for L , (x) will use several versions of £3. 

The algorithm has two steps. Let R = {a,, • * * , <*.}■ 

Then, 

Step 1: form a t • y,; 1 ^ i s, 1 ^ ^ fc. 


Step 2: letS (t t> t 2 , ***,i,) — 

+ cti 2 *y 2 + * * + a it • y,; 

Each element of L B (y) is equal to S (i t , £», * * * , 4) far 
some set {p, £., * * , i k ) of not necessarily distinct integers 
in {1,2, ■ ,$}. Construct * * ■ y i t ) recursively 

from 

S(fj' = 

arid 

S(ii,i 2 , * * * , 4] = S (4, 4, • * ‘ ,4-d + fli|*t/ f 

for 2 ^ ^ fe. 

The first step uses - B = ks scalar multiplications. Let 
N ( 5 , 1) be the number of additions to construct all linear 
forms S(t„t,, * * * , i # h Then, from step 2, it follows that 

N(sA) = 0 

N (. s , L = S ($ y ( ~ 1) + $ 

From *his we conclude that 

Wfc I) = [(s“ - 1), (s - l;] - (s + 1) 

^ s 

for s ^ 2 and f ^ 2. 

Therefore, the number <f b of additions to form L H (y) sat 
isfies — <r B — s** 1 . 

Partition A into 

A = [R,, B-, • • , B p ] 

where B,, * * * , B p , are m X fc, B p is m X (»- (P- !)*)> 
a.id p — fn/Jf|. Similarly, partition x = y\y 2 , * * * , y* 
where y' = (x (r _ n i*-„ * , x r *) for 1 ^r^p — 1 and y* 

is suitably defined. It follows that 

Ax = By •+■ By + * * * + B p y p (0 

where + denotes column vector addition. 

The algorithm (A for L A (x) has two steps. 

Step 1: construct L Bf (y r ), 1 ^ r ^ p, using £$ , that is, 
identify the linear forms corresponding to row s 01 
B r and choose the appropriate forms from those 
generated by £8 on y r . 

Step 2: construct L A {\) by adding as per (*) above. 


JPL TECHNICAL REPORT 32-1526, VOL. XIX 


83 



The number of multiplications used by £3 is tt a = iu. 
The number of additions used in step 1 is no more than 
pa Ry and in step 2 it is no more than m(p - 1). Therefore, 
the number of additions used by (A satisfies 

a A ^ps kl + m(p — 1) 

where p = [n Af|. Ignoring diophantine constraints and 
with k — log., (m/log, (m)), we have 

Theorem 1. For each m X n matrix A over a finite set R 
of cardinality | R | = the m “linear forms” 

L 4 (x) = {au'Xr + - * +a lH x n : 

can be computed with - x — ns multiplications and <r A ^“ 
O (mn log., (m)) additions when m is large relative to s. 


Although algorithm (A (and ^3) was discovered inde- 
pendently by the author, it does represent a generaliza- 
tion of an algorithm of Kronrod reported in Arlazarov, 
et al. (Ref. 3). His result applies to the multiplication of 
two arbitrary Boolean n atrices. The heart of algorithm (A 
is algorithm and this was known to the author (Ref. 4) 
in the context of the calculation of all Boolean minterms 
in n variables. This will be discussed in the next section. 


III. Applications 

In the set L A (x) of linear forms, the elements a X} and x, 
are uninterprcted as are the operations of multiplication 
and addition. By attaching suitable interpretations, it is 
seen that algorithm (A for linear forms has applications 
to many different problems, several of which are now 
described. 


Proof: Ignoring diophantine constraints, we have 



and s k = m/log, (m). Therefore, 


A. Multiplication of a Vector by a Known Matrix 

Let R be a set of s variables over S , R = {z t , z-> y * * * z*}, 
and let S = T — {reals}. Let + and • be addition and 
multiplication on the reals. Then L A (x) repres?ots multi- 
plication of x = (xi, x 2 , * - * , x„) by a known (but not 
fixed) matrix A. That is. 


a; 


nm 

log, (m) 


(1 + F,)/(l “ t 2 ) 


where f,=s log, (m) and f 2 = log, log, (m) log, (m). If 
e : < u 2 , it is easilv shown that (1 — «■ ) _1 ^ 1 -f 2 f 3 . Also, 


L t (x) = {2fc il *x l + z fc| ^x c + ■ +Zt in 'x n : 

where the m X n matrix of indices {£«>} is fixed. For any 
given matrix {£*/}, L 4 (x ) can be computed using real 
multiplications and O (mn/ log, (m)) real additions. 


(1 + f 4 ) (1 + 2 f 2 ) ^ I + 2 (p t + e 2 ) 

if f 2 < which holds for 16 when s ^ 2. It follows 
that 


<r\ 


nm 

log, (m) 


(l 4- 2(f, + r 2 )) 


when m ^ 16. Since f i and e 2 approach zero with increas- 
ing m, the conclusion of the theorem follows. Q.E.D. 


When m > > s, this result represents a distinct im- 
provement over the conventional algorithm for evaluating 
L t (x), which uses m scalar multiplications and m(n — 1) 
additions. It should be noted that the reduction in the 
number of additions bv a factor of log, (m) obtained with 
algorithm (A follows directly from a reduction by a factor 
of about k in algorithm *7?. The obvious algorithms for 
L b (y) uses ks k additions, but <7? computes it with no more 
than s** 1 at *‘ r ms. 


Independent evaluation of the m forms requires a total 
of at least m (n — I) operations for any s f since each form 
consists of n functionally independent terms. 

Special Cases: 

(1) %iy ’ y *•* are assigned distinct real values. 

(2) s = 2, z x = 0, z 2 — 1. Then, L 4 (x) is a set of subset 
sums such as 

{ x i + x 4> x, + x % -f x 4 } 

NOTE: Concerning Case (1), Winograd (Ref. 1) has 
shown that there exist fixed real (and unrestricted) 
m X n matrices and vectors x, such that mn real mul- 
tiplications and m(n — 1) real additions are required 
for their computation with “straight-b s” algorithms. 
Thus, a significant savings is possible if the matrix 
entries can assume at most 5 distinct real values, and s 
is small relative to m. 
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X 


a — 1 


B. Matrix-Matrix Multiplication AX, A Known 

Let R and S be as above and let T be the p-fold car- 
tesian product Q p y Q = {reals}. Let * be conventional 
scalar multiplication (consisting of p real multiplications) 
and let 4- be vector addition on the reals (consisting of p 
real additions). Then, L A (x) represents multiplication of 
the n X p matrix X over the reals by a known (but not 
fixed) m X n matrix A. That is, 

L 4 (x) — {Zk^'Xt +z* i2 *x 2 + *■* + z k{n 'x n : 1 — *—m} 

where x# denotes the Nth row of X and the m X n matrix 
of indices {k i; } is fixed. For any given matrix {&•>}, L A (x) 
can be computed using nps real multiplications and 
O (mnp/log* (m)) real additions. 

NOTE: When n = m = p, Strassen’s algorithm 
(Ref. 5, for matrix-matrix multiplication can be used 
at the cost of at most ( 4 . 7 )n !oR 2 r binary operations. 

As a consequence, Strassens algorithm is asymp- 
totically superior to algorithm (A for this problem. 
However, when s = 2, algorithm (A is the superior 
algorithm for n ^ 10 10 !! ' I oral: bewrre of arguments 
based upon asymptotics. 

C. Boolean Matrix Multiplication 

Let R = S = {0, 1), T = {0, 1} P , let • be Boolean vector 
conjunction, and let 4- be Boolean vector disjunction. 
Then, L A (x) represents the multiplication of a known 
Boolean m X n matrix A by an arbitrary Boolean nXp 
matrix X. That is, 

L x (x) = {<i ll *x 1 4- fli..-x 2 + • • • +a iH 'Xn: 

where x, is tl e Nth row of the n X p matrix X. The algo- 
rithm for computing AX uses no multiplications and 
0(mnp/log 2 (m)) additions. 

NOTE: If A is an arbitrary Boolean matrix and if the 
selection procedure of step 1 of algorithm (B can be 
executed without cost, the algorithm c? K’onrod 
(Ref. 3} results. The number of operations pvifoimed, 
exclusive of selection, equals that given above. The 
Kronrod algorithm uses more operations because of 
a po' * choice of the parameter k. 

P. Boolean Minterms 

Let R = S = T - {0, 1}. let 4- be the Boolean conjunc- 
tion, and let • be defined by 



where x denotes the B >olean inverse. Then, L A (x) repre- 
sents a set of minterms such as 

{x t x,x 3 , XjX 2 X 3 , xajc*} 

NOTE: The set of all 2" distinct minterms, suitably 
ordered, represents a map from the binary to positional 
representation of the integers {0,1,2, * * • ,2" — 1}. 
This map can be realized with at most 2" +1 conjunc- 
tions and is a map that is useful in many construc- 
tions, such as those in Ref. 4. 

E. Products in a Group G 

Let R = { - 1, 0, i}, S = T = G, let a • x - x* (raise to 
a powerj, and let 4- be group multiplication. Then L A (x) 
represents a set of m products of n terms each. For 
example, 

{a b " 1 c d\ b c“\ a 1 tr 1 dr 1 } 

is such a set, where xr 1 is the group inverse of x and x° is 
the group identity that is suppressed. 


IV. Polynomial Evaluation 

We turn next to the evaluation of polynomials of de- 
gree n. Let 

p (x) = a 0 4- c x • x 1 4- Oa • x 2 4- * * * 4- a n x n 

where 1 and • represent vector addition and scalar multi- 
pli^cMon. where x 1 = x, x’ = x*x* -1 , and • presents vec- 
tor multiplication. Let a* e R, x e T and 

• : R X T^T 
4:TXT->T 

• : T X T-> T 

where 4- and • are associative and • distributes over 4-. 
We shall construct an algorithm £P for polynomial evalua- 
tion, which employs algorithm (A for linear forms. 

Algorithm <SP has three steps. Without great loss of gen- 
eiality, let n — kl — 1, and assume that a = (a 0 , a u • * • , a,) 
n s entries from a set of size s. 

Stepl: construe, x 2 , x 3 , * * * r*. 
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Step 2: construct the k linear form? in l,*,* 2 , * * * ,3c 1 " 1 



using algorithm 53 . 


Step 3: construct p(xj — r 0 (x) 4- r x (x) * x 1 4- * * * 4- Tk i (x) 
us j n ^ Horners rule. Let <r p denote the 
number of vector additions used by £P, ir p the 
number of scalar multiplications and the num- 
ber uf vector multiplications. Since the forms re- 
quired in step 1 can be realized with I — 1 vector 
multiplications and step 3 with k — 1 such multi- 
plications a^d k — 1 additions, we have 

ffjl ^O((n + l)/log.(k)) + fc-l 

= Is 

= f L k - 2 

since fc! = n + 1. If we ignore diophantine con- 
straints and choose k = V (» + 1), to minimize ju* 
we *^ve: 

Theorem 2. For each a = (<b,a u • * * ,a„) e R B+1 with R 
a set of cardinality |R | = .s, p (x) = 00 + a t x *f * * • + a n x* 
can be evaluated with <r p vector additions, 7r p scalar multi- 
plications and fx P vector multiplications where 

op^O (n/log# (n)) 

7 r p — 5 V n _ -h l” 

H;, ^ 2 Y n 4 - 1 — 2 

when n is large relative to s. 

Homer s rule, which is the optimal procedure for evalu- 
ating an arbitrary polynomial on the reals, uses n multi- 
plications and n additions. Even when a and x assume 
fixed real values, there exist vectors a and values x for 
which Horner’s rule is still optimal (Ref. 1). When the 
coefficients are drawn from a set of size s, however, 
Horner s rule can b( improved upon by a significant fac- 
tor when n is large relative to s. 

The decomposition of p (x) used by algorithm Q* is very 
similar to that used by Paterson and Stcckmeyer (Ref. 2) 
ia their study of polynomials with rational coefficients. 
They have shown that O (Vn) vector multiplications 


are necessary and sufficient for such polynomials, but 
their algorithms use O (n) additions. Algorithm & 
achieves O (V"h) vector multiplications but requires only 
O (n/log s (n)) additions when n is large relative to $. 
Clearly, algorithm can be applied to any problem in- 
volving polynomial forms. 

V. Some Lower Bounds 

The purpose of this section is to demonstrate the exis- 
tence of problems for which the performance of algorithm 
Oh can be improved upon by at most a constant factor. To 
do this, we must carefully defir 0 the class of algorithms 
that are permissible. Then, we count the number of algo- 
rithms using C or fewer operations and show that if C is 
not sufficiently large, not all problems of a given type 
(such as matrix-vector multiplication) can be realized 
with C or fewer operations. 

A chain p is a sequence of steps ***,/?& of 

two types: data steps , in which e {yu\h> * • * 

U K (yi /K, y i =£ y Jy i ^ ; and K C Q is a finite set of con- 
stants), or computation steps , in which 

hk<i 

and denotes an operation in a set fi. 

Associated with each step Pi of a chain is a function /?», 
which is pi if pi is a data step and 

if pi is a computation step. Clearly, p% m Q n Q. A chain p 
is said to compute m functions /,,/ s , * * ■ , Q 
if there exists a set of m steps /?*,,*■*, pi m such that p if = 

We now derive an upper bound on the number 
N(C,m, n) of sets of m functions {f u • that can 

be realized by chains with C or fewer computation steps. 

Lemma .N(C,r>' ~v* v y v = C + n + m 4- |JC| + 1 if 
C^|Q|^2 

Proof; A chain will have 1 2 ^ a 4- |K| data steps and 
without loss of generality they mav be chosen to precede 
computation steps. Similarly, the order of their appear- 
ance is immaterial, so there are at most 



ways to arrange the d data steps. 
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Let the chain have t computation steps. Each step may 
correspond to at most | fi | operations and each of the two 
operands may be one of at most t + d steps. Thus, there 
are at most |o| r (t -f d) 2t ways to assign computatirn 
steps and at most 2 nx,A " j O | * (t + d) 2t chains with d data 
steps and t computation steps. A set of m functions can 
be assigned in at most (f + a)* n ways. 

Combining these results, vv, see that the number of dis- 
tinct sets of m functions that can be associated with chains 
that have C or fewer computation steps is at most 

N(C,m,n)^"2 2 2- ,Jf, [0 | * (t + d) 2t+m 

*1 - 1 / r 1 

^(n + |KpC2" +I * 1 |a| c (C + n + |K|) sC+ " 


But 


(n 4- |K|) 2"* !iri ^ (C + n + |K| )»♦•♦'* 
if C^2, and 


|n| p ^(C + »+ |K|) C 

if C ^ | o | , from which it folic .vs that 

N ( C,m,n ) — (C + n -r |K|) 4C+B+:K!+ ”'* 1 
^v* r 

where v ~ C n + n + 1*1 + 1. Q.E.D. 

In the interest of deriving a bound quickly, the counting 
arguments given above are loose. Nevertheless, the bound 
can at best be improved to about v v . As seen below, this 
means a factor of about 4 loss in the complexity bound. 

Consider the computation of m subset sums of 
{Xi, x>, * • • , x„}, X* e {reals}, as defined in Special Case (2) 
of Subsection III-A. In the chain defined above let Q = 
{reals} and let O = { + , addition on the reals}. There are 
2 n distinct subset sums and the number of sets of tn dis- 
tinct subset sums is the binomial coefficient 

F =(») 

Fix 0 < f < 1. If C, n, and m are such that N (C, n, m) ^ 
F lc . then there exists at least one set of m distinct subset 
sums that require C or more additions. 


Theorem 3. Algorithm (A is sharp for some problems, that 
is, there exist problems, namely, the computation of m 
subset sums over the reals, that require O (mrj/log 2 (m)) 
operations with any chain or “straight- line” algorithm, 
when m = O (n). 

Proof: Set = F 1£ where t> = C-f-n-fm+|JC| + l. 
Then, N (C, m, n) ^ F € . For large F, the solution for v is 


v = 


(i | „F , ')/ , »(i F'-' ) 


Since m — O (n), it can be shown from Stirling's approxi- 
mation to factorials and an examination of the binomial 
coefficient F that InF is asymptotic to nmln ($). From this 
the conclusion follows. Q.E.D. 


The counting argument given above could also be 
applied to matrix vector multiplication, Subsection III-A, 
and to polynomial evaluation on the reals, as described in 
Section T V, to .h* w that the uppt. bounds given for these 
problems nre also sharp. 


VI. Conclusions 

The algorithm presented here for the evaluation of a 
set of linear forms derives its importance from the minimal 
set of conditions required of the two operations. In fact, 
the only condition required is that addition be '.sociative. 
vs a consequence, the algorithm applies to a la^.e class of 
apparently disparate problems having in co* mon the fact 
that they can be represented in terms of linear forms 
this gen: T lature. 


The algorithm allows us to treat two important prob- 
lems, matrix multiplication with a known matrix and poly- 
nomial evaluation with a Known polynomial. In both 
cases an algorithm is constructed that depends explicitly 
on the matrix entries and the polynomial coefficients. 
When the entry set of the matrix or of the polynomial 
coefficients is fixed and the dimensions of either problem 
are large, a sizable savings in the num* of r.'J *.red 
computations is obtained. 

The generality of the algorithm for evalua f ion of linear 
forms suggests that it may have application to many im- 
portant problems not mentioned in this paper. 
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Radio Metric Applications of the New Broadband 

Square Law Detector 

R. A. Gardner, C. T. Stelzried, and M. S. Reid 
Communications Elements Research Section 


Previous articles have discussed the development and performanc of a new 
r ynstani law detector . The new detector ha* a wide - dynamic range and a more 
accurate square law re* y onse than has been avails e in the past . This article 
discusses the i*se and performance of this detector in a noise -adding radiometer 
system at DS3 13. 


I. Introduction 

Previous article (Refs. 1, 2) have discussed the develop- 
ment and perfor iance of a new constant law detector. 
Tliis new detector has a wider dyramic range and a more 
accurate square law response than has been available in 
the past, ther desirable characteristics of the do ctor are 
high-level dc output with immunity to ground loop prob- 
lems, fast response times, ability' .o insert known time 
constants, and good thermal stability. This art dis- 
cusses tlu use and performance of the new detector in a 
nofoc-adding radiometer (NAR'i (Ref. 3) system. 

II. The Noice-Adding Radiometer System 

In a total-power radiometer, the output system noise 
temperature T op is given by 

T op = GKV 

where G is the sy\ iem gain, V ; s the voltage output from 
the square 1"W detector, and K is a scaling constant. In the 
total-power radiometer system, gain changes cannot be 
distinguished from real antenna temperature changes. In 


order to desensitize a receiving system from gain changes, 
a noise-adding rad; mete .nav be used. If a known and 
constant amount of noise is added to the system and used 
as a reference, then it is possible to obtain a ratio of output 
p ,wers (Y-f actors) with the noise refnren. c source on and 
off. Thus, 

V _C(T„ + T V ) 

G(7V 

and 


where 7\ is the equivalent noise temperate e of the noise 
reference. It has been fc; id that a temperature stabilized 
solid-state noise diode is sufficiently stable for noise- 
adding radiometer applications (Ref. 3). If the Y-factors 
are measured at ;> -ate much faster than the gaL. Ganges 
in the receiving secern, die effect of gain fluctuations is 
cancelled. 

A noise-adding radiometer system has been ’esigritd 
and construct 2 d at DSS 13 for operation with 3 26- m 
antenna. The maser ^ amplifier operates in a closed-cy cle 
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refrigerator (CCR). The CCR compressor cycles at a 
1.2-Hz rate which is determined by the ac power-line fre- 
quency. Since the maser gain fluctuates at this rate, it is 
desirable . itch T s at a rate greater than 8 Hz. It is also 
important o Jioose a rate that will not cohere with the 
1.2-Hz CCR rate. The resolution of the radiometer, for a 
switching rate of 8 Hz (which corresponds to a measure- 
ment time of 0.125 s), is given by 



where t is the measurement time for one Y-factcr and B 
the system bandwidth. Thus, the resolution is O.IK for a 
single measurement of T op from one Y-factor for the 
DSS 13 radiometer. This resolution is improved, by aver- 
aging a number of individual measurements, by the factor 
1 V N. This results in a radiometer system with a mea- 
surement resolution on the order of a milli-Kelvin. 

Figure 1 shows a block diagram of the DSS 13 NAR 
system. In the figure, ND is the solid-state noise diode in 
an oven. The detector is the unit described in Refs. I 
and 2. Any detector departure from true square law has 
two effects: (1) measurement inaccuracy and (2) suscepti- 
bility to gain fluctuation. Thus, all measurements are cor- 
rected by a factor or, as described in Ref. 2, so that the 
measurement Y-factor is given by 

r„ + iv = y g + «(v g ) a 

T op V t + «(V,) 2 

where V v and V 2 are the detector output voltages with the 
noise diode off and on, respectively. The IF bandwidth 
at the input to the detector is 5 MHz. The frequency out- 
put from the detector is fed to the comp: ting counter. 

The computing counter is Model H.P. 5360A, and the 
computing counter programmer is Model H.P. 6376A. 
These two units comprise a small computing system with 
input output capability, which is capable of executing 
200 program steps with an average execution time of 15 jus 
per step. It is also capable of accepting input data in BCD 
form, reading an externally generated frequency, and per- 
forming various external functions by means of TTL-type 
signal levels. In addition, six-digit constants are available 
in thumbwheel form for use in the program. The pro- 
grammer commands the noise source driver which turns 
the noise diode on and off. 

The programmed controller, Model 601, commands 
the computing counter and interfaces with the station 
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XDS 910 computer, as shown in the figure. The pro- 
grammed controller commands the 910 with azimuth and 
elevation offset functions, and the 910 drives the antenna 
servo in the usual way. The programmed controller is 
described in detail in Ref. 4. 

III. Method of Operating the NAR System 

The detector correction factor « is first measured and 
then set on the thumbwheels as a system constant for the 
duration of the NAR observing period. To determine the 
correct value for the correction factor, the a-thumbwheels 
are first set to zero, the waveguide switch is switched to 
the ambient load, the NAR is run, and the detected out- 
put level is set to 1.8 V, with the noise diode on. The 
ambient load is connected to the maser input to ensure 
a constant system temperature during the measurement 
of a. There is the possibility of radio sources passing into 
or out of the antenna beam if the maser were connected 
to the horn at this time. The IF input level to the detector 
is then reduced by 10 dB, and a new system temperature 
is computed. If the system temperature at the lower gain 
setting is lower than the system temperature at the higher 
gain, a greater value for a is required. The correct value 
for a is found experimentally by determining that value 
of a which produces the same value of T op for both gain 
settings. 

The second system constant that must be determined is 
the correct value for Ty. When this is found, it is entered 
in the second set of thumbwheels and held constant for 
the duration of the experiment. With the ambient termi- 
nation on the maser input, the system temperature is 
given by 

Top = T h + T* + 7> 

where 

T P = physical temperature of the ambient termination 
measured with a quartz thermometer probe. 

T m — equivalent input noise temperature of the maser. 

TV = equivalent input noise temperature of the follow- 
up receiver. 

If the maser is turned on and off, a Y-factor ratio Y„„ is 
measured. This ratio is given by 

y Tp + T m + Ty 

Io ° Tp + Ty 

With a knowledge of Ty and T P and a measurement of 
Y 00 , j can be calculated. The system temperature with 
the ambient termination on the maser input is then known. 
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The T v thumbwheel is adjusted until the NAR computes 
the correct system temperature. The maser input is then 
switched to the antenna, and the NAR computes the sys- 
tem temperature on the antenna. 

The third thumbwheel constant to be determined is N f 
the number of measurements which are averaged to yield 
the output system temperature T op . Since measurement 
certainty is given by 

r - sT 

-T rms - ^ 

where AT is the measurement resolution as stated above, 
a value for N may be chosen that will produce the desired 
radiometer resolution. If the antenna is moving in eleva- 


tion during the measurement, N should be kept suffi- 
ciently small so that the real change in antenna tempera- 
ture does not exceed the desired A T RMS . 

The noise diode is enclosed in a constant-temperature 
(50° C) oven. Repeated measurements over an extended 
period of time have shown that the value of T y varies 
approximately ±2% in a 24-h period in S-band systems. 
This fluctuation in the value of Tv seems to follow am- 
bient temperature variations. Recent laboratory work indi- 
cates that the coupling factor of the waveguide coupler 
used to inject T v varies as a function of ambient tempera- 
ture. Further work is in progress on this problem. 

A number of NAR programs are available for various 
engineering and radio science applications. 
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Fig. 1. Block diagram of DSS 13 NAR system 
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Low-Noise Receivers: Microwave Maser Development 

R. Clauss and E. Wiebe 

Communications Elements Research Section 


Two S-band maser systems with equivalent input noise temperatures of J l K 
have been supplied to the Deep Space Network . These masers will be used on o4~m 
antennas at Deep Space Stations 14 and 43 to meet special requirements of the 
Mariner Venus/Mercury (MVM*73) mission. The masers use a new shortened and 
cooled signal input transmission line to reduce noise and are equipped with super- 
conducting magnets to provide the best possible stability performance . 


I. Introduction 

Special requirements for the Mariner Venus/Mercury 
mission showed a need for S-band masers with improved 
sensitivity and stability characteristics. Two new systems 
for DSSs 14 and 43 have been built in response to these 
requirements. The maser systems have new shortened and 
cooled input transmission lines which reduce the noise 
temperature as compared to previous systems. Supercon- 
ducting magnets are used to improve maser gain, phase, 
and group delay stability. Optimum maser performance 
is achieved at 2295 MHz; the maser equivalent input 
noise temperature is 2.1 K at 2295 MHz. An overall sys- 
tem temperature of 8.3 K was measured during the evalua- 
tion of these new systems. 

II. Input Transmission Line 

A new signal input transmission line has resulted in a 
substantial reduction of maser equivalent input noise tem- 


perature. Previously reported systems (Refs. 1 and 2) were 
measured to have maser input noise temperatures of 
between 4 and 8 K at the S-band waveguide interface 
(2.1 K was contributed by the signal input transmission 
line). The new signal input transmission line described 
below contributes 0.4 K to the maser noise temperature. 
The improvement is achieved by cooling the center con- 
ductor of the coaxial line to 4.5 K, by shortening the line 
length to 18 cm, and by using a very-Iow-loss vacuum seal. 

The new transmission line, assembled with an S-band 
maser and closed-cycle helium refrigerator (CCRX is 
shown in Fig. 1. The superconducting magnet, radiation 
shields, and the vacuum jacket cover have been removed. 
Figure 2 is a sketch identifying important features of the 
assembly. 

A fused quartz dome provides part of the vacuum seal. 
The quartz dome is attached and sealed to the WR 430 
input waveguide with flexible epoxy. An O-ring vacuum 
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seal is used between the waveguide and the adapter plate. 
The waveguide and fused quartz dome assembly can be 
replaced without disturbing other input line components; 
it is a field-replaceable assembly. 

The coaxial transmission line outer conductor is made 
of thinwall (0.25-mm) stainless steel tubing; the inside is 
plated with 0.0025-mm copper and 0.0003-mm gold. This 
combination gives low microwave loss and adequate ther- 
mal isolation. Mechanical support for the transmission 
line is obtained by clamping a flange at the room tempera- 
ture end of the outer conductor, between the adapter 
plate and the WR 430 waveguide. Thermal connections 
to the 80-K and 4.5-K CCR stations are made with flexible 
copper straps. 

The transmission line center conductor contacts the 
outer conductor at the 4.5-K SMA connector and at the 
support clamp (which is thermally connected to the 4.5-K 
CCR station). A vacuum, common to the CCR vacuum 
jacket, provides thermal insulation between the coaxial 
line center conductor and its surrounding parts (outer con- 
ductor and quartz dome). The center conductor is made 
of gold-plated, polished copper. Refrigeration capacity 
measurements show that the total heat transferred to the 
4.5-K CCR station (by radiation to the center conduc- 
tor and by conduction through the outer conductor) is 
approximately 100 mW. The voltage standing wave ratio 
(VSWR) of the transmission line and waveguide assembly 
is less than 1.15 to 1 from 2050 to 2650 MHz. Q measure- 
ments, insertion loss, and temperature gradient calcula- 
tions were used to determine the 0.4-K noise contribution 
of this transmission line assembly. 

The new transmission line assembly is adaptable to all 
S-band maser systems presently used in the DSN. The con- 
version requires installation of a superconducting magnet. 


III. Superconducting Magnet 

The use of a superconducting magnet, rather than a 
large, external permanent magnet, has several advan- 
tages: (1) it improves maser gain, signal phase, and group 
delay stability (Ref. 3); (2)- the overall package weight can 
be reduced from 200 to 90 kg; and (3) the size reduction 
permits connection of the signal input waveguide in close 
proximity to the 4.5-K CCR station. A Block III maser 
system (Ref. 1) has been retrofit with a superconducting 
magnet and is currently used for two-way tracking on the 
64-m antenna at DSS 14. (This maser system does not 
have the new input transmission line.) 


IV. Maser for SMT Cone 

The maser currently in use in the S-band megawatt 
transmit (SMT) cone at DSS 14 uses the new input trans- 
mission line and achieves a noise temperature of 2.1 K at 
2295 MHz. The maser comb structure is of the Block III 
type, with modified ruby shape (loading) to achieve a 
wide tuning range. The maser can provide more than 
40 dB net gain at any frequency between 2250 and 
2400 MHz. A maximum gain /bandwidth product is ob- 
tained when the maser is centered at 2285 MHz. Excess 
gain can be traded for bandwidth by use of field stagger- 
ing coils within the superconducting magnet. A frequency 
response flat within 1 dB from 2270 to 2300 MHz is avail- 
able at 42 dB net gain. 

V. Maser for DSS 43 

A second maser with a noise temperature of 2,1 K has 
been built for use at DSS 43. A previously built maser 
comb structure (Ref. 2) was used to save on system con- 
struction time and cost. The maser is not capable of the 
large gain bandwidth product achieved by the maser for 
the SMT cone. The maser provides an 8-MHz, 1-dB band- 
width at 44 dB net gain at 2295 MHz center frequency. 
The pump klystron used with the DSS 43 system is iden- 
tical to those presently used with Block III maser sys- 
tems and does not provide 2388- MHz operation. The low 
forward loss of this particular maser is equal to that of 
the SMT cone unit, and identical noise performance at 
2295 MHz is achieved. 

VI. Noise Temperature Measurements 

Comparative system temperature measurements of 
masers described here have been made. A photograph of 
the maser /CCR package for the SMT cone, with horn 
and ambient temperature microwave-absorbing material, 
is shown in Fig. 3. Precision power measurements with 
and without the absorber material over the horn resulted 
in a total operating system noise temperature of 8.4 K. 
Best estimates of noise contributions for the parts of the 
system are given in Table 1. Measurements of the maser 
system previously used with the SMT cone showed a total 
operating system temperature of 10.7 K. Laboratory mea- 
surements using a liquid-helium-cooled waveguide ter- 
mination indicated a 4.4-K maser noise temperature for 
the o!der SMT maser (Ref. 2). 

Measurements of the maser for DSS 43 gave the lowest 
overall noise temperature values. The system was mea- 
sured in the same configuration as that planned for in- 
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stallation on the 64-m antenna at DSS 43. A calibrating 
coupler and polarizer were included in the waveguide 
system. The slight loss of these components was offset by 


the use of a better horn than was used in the earlier 
tests. A total operating system temperature of 8.3 K was 
measured. 
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Table 1. Noise contributions for the SMT 
maser evaluation system 


Part of system 

Noise contribution, K 

Sky (includes atmosphere and cosmic 
background) 

4.9 

Horn and mode generator 

1.2 

Maser 

2.1 

Follow-up receiver 

0.2 

Total operating system temperature 

8.4 
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System Noise Temperature Calibrations of the Research 
and Development Systems at DSS 14 

M. S. Reid and R. A. Gardner 
Communications Elements Research Section 


This article rqjorts recent precision system noise temperature measurements 
made with the X - and S-band systems as they will be used for the Mariner Venus/ 
Mercury 1973 (MVM73) mission. Elevation and azimuth profiles for both the 
S-band and X-band systems are also presented. A summary of the zenith system 
noise temperature measurements for calendar year 1973 for the diplexed S-band 
systems at DSS 14 is described and plotted. 


In a previous article (Ref 1), system temperature mea- 
surements were made at DW 14 of the S-band Megawatt 
Transmit (SMT) cone S-bar> * system and the multifre- 
quency X- and K-band (MXKj cone X-band system. The^e 
measurements were elevatior profiles with the reflex feed 
system both extended and retracted. Since these measure- 
ments were made, certain improvements (Ref. 2) have 
been made to the maser in the SMT cone, the effect of 
which has been to reduce the SMT system operating noise 
temperature. Other improvements since previous reports 


(Ref. 3) have included the taping of the 04-m antenna sur- 
face. This article reports recent precision system tempera- 
ture measurements made with the X- and the improved 
S-band systems, as they will be used for the MVM73 
mission. The present measurements were made with the 
Noise-Adding Radiometer (Ref. 4) and the ambient load 
terminations. Verification tests of the ambient load were 
made with a microwave absorber over the horn, and volt- 
age standing wave ratios of the ambient load and horn 
were checked. 
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Figure 1 shows elevation profiles for the S- and X-band 
systems. The S-band data were obtained with maser serial 
number 80S2 in the SMT cone and the X-band data 
with maser serial 150X2 in the MXK cone. The dichroic 
feed system was extended, the atmosphere was clear, and 
the antenna azimuth was fixed at 180 deg. The masers 
were tuned to 2295 and 8415 MHz, respectively, and the 
follow-up receiver contribution was measured as less than 

0.1 K in each case. 

Table 1 is a summary of the system operating noise tem- 
perature performance of the SMT and MXK cones. The 
dichroic feed system does not degrade the S-band system 
temperature at high elevation angles (above 30 deg). The 
S- and X-band system temperature at zenith was mea- 
sured as 12.4 and 21.1 K, respectively, with the dichroic 
feed system extended. 

Figure 2 shows S-band azimuth profiles for three dif- 
ferent elevation angles. The azimuth angles were chosen 
to correspond approximately to the angles at which the 
MVM73 spacecraft will be tracked. These profiles were 


made with the SMT cone system tuned to 2295 MHz an J 
the dichroic feed system extended. 

Figure 3 shows similar X-band profiles for the same 
thiee elevation angles and the same azimuth angles. 
These profiles were made with the MXK system tuned to 
8415 MHz and the dichroic feed system extended. 

Table 2 lists the horizon mask data in tabular form for 
reference. 

Figure 4 shows a summary of zenith system noise tem- 
perature measurements for calendar year 1973 for the 
S-band systems at DSS 14. The crosses are the data for 
maser serial number 96S3 in the polarization diversity 
S-band (PDS) cone operating in the diplexed mode. The 
circles are the data for the maser in the Module 3 area 
operating in the diplexed mode through the n cone. 
All these measurements (most of which \vr by sta- 
tion personnel at DSS 14) were made wi Y-f actor 

technique of switching between an amuoi.. termination 
and the horn, but without regard for weather conditions. 
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Table 1. Summary of system operating noise temperature 
performance of SMT and MXK cones 


Elevation 

angle, 

deg 

Dichroic feed system 
extended 

Dichroic teed system 
retracted 

SMT cone 
2295 MHz, 
K 

MXK cone 
8415 MHz, 
fC 

SMT cone 
2295 MHz, 
K 

MXK cone 
8415 MHz, 
K 

88 

12.4 

21.1 

12.4 

19.5 

60 

12.9 

21.8 

12.9 

21.2 

30 

16.3 

25.7 

16.3 

25.1 


Table 2. Horizon masks at S- and X-band for three 
elevation angles 

Azimuth 

angle, 

deg 

Elevation 

angl* 

6 deg 

Elevation 
angle 
10 deg 

Elevation 
angle 
15 deg 

SMT, 

K 

MXK, 

K 

SMT, 

K 

MXK, 

K 

SMT, 

K 

MXK, 

K 

105 

30.9 

47.0 

24.7 

38.7 

20.9 

33.6 

115 

31.0 

46.8 

24.7 

38.5 

21.2 

33.6 

125 

31.4 

47.4 

25.0 

39.0 

21.0 

33.9 

105 

32.1 

48.8 

25.4 

39.6 

21.2 

33.9 

145 

33.1 

50.1 

26 0 

39.9 

21.5 

34.7 

155 

34.4 

51.6 

26.2 

40.8 

21.6 

35.2 

165 

33.7 

51.0 

26.2 

40.9 

21.6 

35.2 

175 

33.3 

50.9 


40.7 

21.6 

34.9 

180 

33.1 

50.5 

26.1 

40.7 

21.0 

35.1 

185 

32.8 

50.0 

25 8 

40.5 

21.4 

34.9 

195 

32.4 

49.2 

25.6 

39.9 

21.4 

34.9 

205 

32.2 

48.4 

25.5 

39.5 

21.3 

34.8 

215 

32.1 

48.2 

25.4 

39.5 

21.3 

34.7 

225 

32.1 

48.8 

25.6 

39.7 

21.3 

34.7 

235 

32.4 

49.6 

25.6 

40.2 

21.4 

34.7 

245 

32.3 

49.0 

25.6 

39.9 

21.3 

34.6 

255 

32.3 

49.0 

25.6 

39.8 

21.3 

34.6 
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Fig. 1. S-band and X-band elevation profiles 
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Fig. 2. S-band azimuth profiles 
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Fig. 3. X-band azimuth profiles 
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Fig. 4. Summary of uSS 14 fc~band system temperatures for calendar year 1973 
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The Design and Performance of a Programmed Controller 

0. B. Parham 

Communications Elements Research Section 


A programmed controller has been designed for operation with a Noise Adding 
Radiometer (NAR) for the automatic control of certain tracking station functions 
These functions include the operation of the NAR , the operation of waveguide 
switches, and the control of the pointing of the 26-m antenna. This article describes 
the design and operation of the programmed controller . 


The Model 601 programmed controller was designed for 
the automatic control of certain tracking station functions, 
indue* Ing the operation of the NAR (Ref. 1), the operation 
of waveguide switches, and the control of the pointing of 
the 26-m antenna. The controller provides sixteen timed 
contact closures. The contact closures and timing are pro- 
grammed by eight-level USASCII punched paper tape. 

The controller consists of four functional sections: tape 
reader, timer, relay register, and control (Fig. 1). 

The tape reader is a low-cost photoelectric unit with 
stepper motor drive that reads the program tape at 
100 cps. 

The timer section is a three-digit, double buffered, pre- 
settable down counter ihac is programmed by the time 
field of the instruction. When <+ °set to the programmed 
time and started, it decrements u t a rate of 10 Hz until it 
equals zero. The maximum programmable time interval 
is 99.9 s and the minimum is 0 s. 


The relay register is also double buffered, and provides 
the outputs in the form of isolated contact closures. It is 
programmed by the pattern field of the instruction in the 
form of A 1 for a closed contact and A 0 for an open 
contact. 

The control section instructs the tape reader when to 
read, and controls the flow of data to the timer and relay 
register input buffers. It recognizes E, P, S, and T as con- 
trol characters, and the digits 0-9 as data characters. All 
other characters are ignored and not loaded. Additionally, 
all characters including control and data within paren- 
theses are ignored. This allows the program tape, without 
affecting its operation, to contain a title, statement num- 
bers, or any other comments that may assist an operator 
when the tape is ? inched or listed on a teletype. 

The ,'i character is a multi-purpose control character. If 
the front panel halt switch is in the enable position, the 
tape reader will stop when an S is read. When the front 
panel reset switch is closed, the tape advances, ignoring 


JPL TECHNICAL REPORT 321526, VOL. XIX 


105 



all instructions, and halts on the next S character. At this 
point, the program may be started by closing the front 
panel start switch. Additionally, an alarm, that can be 
enabled by front panel control, is provided to signal an 
operator that the tape is stop^d on a halt. With one S 
character located at the beginning of a program tape, 
these functions allow an operator to load a program tape 
at any position in the program, initialize the program 
tape to the beginning, and execute the program continu- 
ously, or once and halt. 

The contents of the timer and the relay register are 
displayed on the front panel for operation verification. An 
additional front panel control, the mode switch, is pro- 
vided to allow program checking. Each time it is closed 
in the step position, an instruction is read and displayed. 

In normal operation, with the mode switch in the run 
position, as an instruction is read, the characters follow- 
ing a P character are loaded one at a time into the right 
end of the relay register input buffer. As each new char- 
acter is read in, the previously loaded characters are 
shifted left one place. This process continues until a T or 
E character is read. The characters following a T are 
loaded into the timer input buffer in the same fashion as 
the relay register was loaded. Again this action continues 
until a P or E character is read. 

When an E is read, this indicates the end of the instruc- 
tion. First, the contents of the timer input buffer are 
loaded into the timer and, at the same time, the relays 


are set; then, a few microseconds later, the timer is started 
and both input buffers are cleared. 

The tape reader continues, reading the next instruction 
until another T is read. At this point, the timer is tested. 
If the timer has reached zero, the rest of the instruction is 
read and executed, and the following instruction is read. 
If the timer has not reached zero when the T character is 
read, the tape reader stops and waits. When the timer 
reaches zero, the tape reader restarts and finishes reading 
the instruction. 

The program tape is normally in the form of an endless 
loop. The instruction format is flexible in that the time 
and pattern fields may be interchanged, and the data in 
each field are right-justified as they are read. The omis- 
sion of unnecessary zeros allows the instructions to be 
compact. Table 1 shows some examples of various pro- 
gram instructions. 

Figures 2 and 3 are phc‘ graphs of the standard rack- 
mounted Model 601 programmed controller. 

A Model 60: ■‘ogramnied controller is currently being 

used at DSS lb .o control the operation of an NAR, the 
operation of waveguide switches, and the pointing of the 
computer-driven 26-m antenna. Programs for the configu- 
ration include bore-sighting, on-source/off-source track- 
ing, radio source drift curve generation, and radiometer 
calibration. This has been described in an accompanying 
article (Ref. 2). 
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Table 1. Examples of program instructions 


Example 


Instruction 


1 P1111T37.5E 

2 P0000000000001 1 1 1T375E 

3 T375P1111E 

4 P1T5E 

5 TE 

6 P110T5331E 


Close contacts 1, 2, 3, and 4 
for 37.5 s. The decimal point 
in the time field is ignored 
by the controller and is 
inserted only for clarity. 

Functionally equivalent to 
example 1. 

Also equivalent to example 1. 
Close contact 1 for 0.5 s. 

Open all contacts and con- 
tinue to the next instruction. 

Close contacts 2 and C for 
33.1 s. The 5 was punched in 
error and will be ignored. 
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Radio Frequency Performance of DSS 14 64-m 
Antenna at 3.56- and 1.96-cm Wavelengths 

A. J. Freiley 

Communications Elements Research flection 


During February and March 1973 , the DSS 14 64-m antenna teas fitted ivith 
major structural braces , and other structural modifications were made to improve 
low angle elevation system gain performance at centimeter wavelengths . The new 
system performance , as defined by the radiometric measurements of May 1973 > is 
compared to the previous performance , with respect to system efficietwy , sub- 
reflector focus , and equivalent radio frequency (RF) surface tolerance. The 
evaluation shows that the predicted effect of ihe structural braces has been 
achieved; however , either the main reflector or subreflector surface tolerance , or 
both , have been degraded. The degradation is well defined at X- and Ku-band 
frequencies ; at S-band the effect is nearly negligible. 


I. Introduction 

The radio frequency (RF) performance of the DSS 14 
64-m antenna was measured to evaluate the effectiveness 
of the antenna modifications undertaken during February- 
March 1973. These modifications consisted of the instal- 
lation of major structural braces and other modifications 
to the structure for noise abatement (Refs. 1, 2). To 
obtain the total antenna performance, radiometer mea- 
surements of selected radio sources were undertaken at 
X- and Ku-bands prior to and after the modifications. 
These radio sources were selected to eliminate the un- 
certainty associated with less accurately known sources 
and to maintain consistency with previous measurements. 
The results show a pronounced change in the antenna RF 


performance, most likely attributable to a change in 
antenna surface tolerance. 


H. Antenna Modifications 

Three major activities occurred during February- 
March 1973: The first was the installation of the structural 
braces (Refs. 1, 2) to improve the RF surface tolerance at 
elevation angles between 6 and 45 deg. Another activity 
was the resetting of the main reflector panels after the 
installation of the structural braces. The third activity was 
the welding of the panels of the subreflector to reduce the 
noise associated with diplexed high-power microwave 
transmission. 


no 


JPL TECHNICAL REPORT 32-1526, VOL. XIX 



III. Radio Sources 

The performance characteristics were measured using 
two systems: (1) the X-band sv stem at 8.415 GHz (3.56 cm) 
and (2) the Ku-band system at 15.3 GHz (1.96 cm). The 
radiometer measurements were made of 3C323 and 
Saturn at X-band and Ku-band, respectively. Noise 
adding radiometers were used at each frequency. Table 1 
describes the source characteristics used. 


IV. Radiometer Technique 

The radiometer technique used consists of three parts: 
The first is the boresighting of the antenna about the 
half -power points of the beam. Care was taken lo injure 
both speed and accuracy of the boresights. At these 
frequencies, the axial focus of the system is important. 
Therefore, before each set of data was taken, the antenna 
was focused in the axial direction. To accomplish this, 
the analog output of the total power noise adding radi- 
ometer (NAR) was displayed on a chart recorder. While 
the antenna beam was on source, the subreflector was 
slewed from the out position to the in position and back 
again to determine the optimum indicated position. The 
third portion of the radiometer technique consists of the 
on-off source operating system temperature measure- 
ments. From two off source and one on source measure- 
ments, the off source operating system temperature and 
the source temperature can be determined for a particular 
elevation angle. By knowing the flux density of the 
observed source, one can calculate the antenna efficiency. 

V. Radiometer Data 

The base performance of the antenna system is defined 
by measurements made in January 1972 at Ku-band and 
in January 1973 at X-band. The antenna system perfor- 
mance as determined by the May 1973 measurements is 
directly comparable. The same sources were observed 
with the same systems. 

The antenna axial focus is an elevation angle dependent 
function. The fitted curves representing the optimum posi- 
tion for the January X- and Ku-band systems agree very 
well (Figs. 1, 2). The agreement is within approximately 
2.5 mm indicated control room position. The fitted 
curves representing the optimum position for the May X- 
and Ku-band systems also agree very well — within 
approximately 5 mm indicated control room positions. 
Significant differences occur between the January and 
the May data. The February-March 1973 modifications 
have caused the focal length change of the system to be- 


come greater as the antenna is moved in elevation. There- 
fore, the axial focus of the antenna has become more 
critical for all users. 

The off source operating system temperature for clear 
weather was not affected by the antenna modifications 
(Fig. 3). The Ku-band operating system temperature is 
25 K at zenith, and the X-band operating system tempe a- 
ture is 23 K at zenith, which includes 1.5 K at zenith 
contributed by the dichroic feed, used during both data 
periods at X oand (Ref. 3). 

The intent of the structural braces was to improve the 
RF surface f olerance at elevation angles between 6 and 
45 deg, v ch would also improve the RF system effi- 
ciency between those angles. The system efficiencies as 
derived from Table 1 and the radio metric measurements 
are presented in Figs. 4 and 5. The system efficiencies in 
the figures are as would be observed in spacecraft and 
radio science missions; the efficiencies have not been 
corrected for the atmospheric loss effects (/!#„) nor the wave- 
guide loss effects (L w ) but have been corrected for the 
effect of source size. The results following the structure 
modifications are lower than expected. The modifications 
have, in fact, generally decreased the system efficiency, as 
summarized in Table 2. As shown in Figs. 4 and 5, the 
modifications have decreased the peak system efficien- 
cies but have improved the change in system efficiency 
as a function of elevation angle, as was predicted (Ref. 1). 
The net result is that the peak system efficiency is lower 
but the system efficiency at 10 deg elevation is about the 
same as before. 

The desirable effect of decreasing the change of system 
efficiency from the peak was offset by a decrease in the 
peak system efficiency. To determine a possible cause for 
the effects seen, one should examine the RF surface 
tolerance. By assuming a flat-Earth atmospheric loss ap- 
proximation and using the information given in Table 3 
for the calculated system efficiency for 100% efficient 
reflecting surfaces, and by measuring the actual system 
efficiency, it is possible to determine the loss due to the 
surface tolerance. This loss has been converted to an 
equivalent RMS surface tolerance by the method of Ruze 
(Ref. 4) and is represented for all cases in Figs. 6 and 7. 
The RMS surface tolerance of the antenna before the 
February-March modifications was 1.15 mm at 45 deg 
elevation, which increased to approximately 1.65 mm at 
15 deg elevation. After the modifications, the RMS sur- 
face tolerance is approximately 1.46 mm, which increases 
to 1.62 mm at 15 deg elevation. 
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VI. Conclusions 

The modifications to the DSS 16 64-m antenna accom- 
plished during February-March 1973 have been evaluated 
at X- and Ku-bands using radiometer techniques. The 
peak system efficiency at 45 deg elevation angle has 
decreased at both bands, but the change in system 
efficiency with elevation angle has been improved. 

The conclusions reached are that (1) the structural 
braces have decreased the effect of the RMS surface toler- 
ance change with elevation angle, and (2) the combination 
of the main reflector rese t and the welding of the sub- 
reflector has increased the overall RMS surface tolerance. 
Another way of stating this is to say that the dynamic 


distortions (elevation angle dependent gravity induced 
deformations to the main reflector backup structure) have 
been improved; the static distortion component (elevation 
angle independent setting precision of either one or both 
reflector panels) has been degraded. The reason for the 
increased axial focus sensitivity as a function of elevation 
angle is not understood. 

The peak system efficiency at 45 deg elevation angle 
has been reduced 0.5 dB at X-band and 1.6 dD at Ku-band. 
Using the surface tolerance values obtained from these 
short-wavelength observations, a predicted change of 

0.04 dB at S-band at 45 deg elevation angle is obtained. 
This loss is reduced at lower elevation angles. 
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Table 1. Radio sources 


Source 

S or T b 

Source size, 
arcsec 

Source structure 

Antenna half-power 
beamwidth, arcsec 

Antenna 

polarization 

3023 

9.4 FU 

Two point 

Close double 

137 

RCP 

@ 8.415 GHz 


sources* 

Sept. 13, arcsec 



Saturn 

145 K 


Planet 

76 

RCP 

@ 15.3 GHz 



(disk) 



Jan 72 


20 X 18 




May 73 


17 X 15 




*Source size correction factor ( c g ) = 1.003. 


Table 2. 64-m system efficiency summary 


System 

Jan 1973, 

May 1973 

45-deg elevation 

45-deg elevation 

X-band 

51.3% 

46.1% 

Ku-band 

35.1%* 

24.1% 


^January 1972 data. 


Table 3. 

Antenna constants 


Constant 

X-band 

Ku-band 

Feed and blockage 

efficiency 

(Ref. 4) 

0.6196 

0.6411 

Waveguide loss 
L u , dB 

0.14 

0.10 

Atmospheric 
attenuation L 0 at 
zenith, dB 

0.037 

0.047 
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Optimal Station Location for Two-Station Tracking 

F.. R. Rodemich 

Communications Systems Research Section 


A problem related to the optimal placement of three tracking stations for pur- 
poses of two-station tracking is formulated and solved. 


I. Introduction 

It is known (and easy to see) that three tracking an- 
tennas, however they are placed on the globe, cannot 
provide total coverage of the celestial sphere. However, 
since most interesting deep-space ienomena (spacecraft 
and natural astronomical objects) have small declinations, 
this fact is of little practical importance. For example, the 
DSNs 64-m antennas cannot “see” certain points on the 
celestial sphere at declinations of 28 deg or so. 

Of course there is typically much overlap in the cover- 
age of the celestial sphere provided by three stations, and 
this overlap can be used to good advantag' since simul- 
taneous two-station tracking is possible in these doubly- 
covered regions. Two-station tracking is useful for a 
variety of reasons. For example, since the diurnal doppler 
amplitude is proportional to the cosine of the declination, 
accurate determination of spacee aft declination using 
doppler is quite difficult at declinations near zero. Two- 


station tracxing can however be used for accurate goni- 
ometry at all declinations. Also, accurate tracking of 
constantly accelerating spacecraft could best be done with 
two stations. Finally, important astronomical knowledge 
can be gained from interferometric data. 

Thus it is desirable to have as much of the celestial 
sphere as possible doubly covered. It is easy to see, how 
ever, that if no point on the celestial sphere is visible from 
all three stations simultaneously, the total area that is 
doubly covered is always the same. We therefore arrive 
at the question answered in this article: What is the maxi- 
mum overlap possible between the cover." ges of the celes- 
tial sphere provided by two of the antennas, given that all 
three cover all celestial declinations that are less than a 
fixed amount? 

More precisely, let us assume that the three antennas 
each cover a circular cap of angular radius /? on the celes- 
tial sphere, and that it is required that the three or cular 
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caps cover all objects with declinations in the range 
[—«,<*]. Then we vish to maximize the region of intersec- 
tion of two of the caps. Surprisingly, the optimal configu- 
ration does not always have all three stations centered on 
the equator* 

In the case of the 64-m net, p = 84° and a is about 28°. 
It will turn out that there is a configuration of three 
a = 84° circular < ps covering the band of declinations 
between 8° with two of the stations separated by only 
27° on the globe. (This configuration has all three stations 
cm the equator.) However, the closest pair of stations on 
the 64-m net (Goldstone and Madrid) are separated by 
82°. Thus as far as two-station tracking is concerned, the 
64-m net is far from optimally arranged. 


II. Solution to the Problem 

Three spherical caps of angular radius p (0 < p < -n- ; 2) 
are to cover the band on the sphere with latitudes 
between — a and a (0^* < r/2). We want to maximize 
the area of the region of inter xrtion of two of the caps. 

Denote latitude on the sphere by 8, and let <f> measure 
longitude west from some reference point. Let the cap Cy 
have center at (8„ Since each cap covers less than 
half "he equator, following the equator around we see 
the caps in a cyclic order C,, C 2 , and C s such that 
0 < 4>j — (mod 2tt) < it. It can be shown that the 
caps cover the whole band in the same order that they 
cover the equator: if C, intersects the band in the region 
S h then the band is the union of six disjoint regions 

s, - s 2 - s 3 , s, n s 2 , s 2 - s, - s 3 , s 2 n s 3 , s* - s, - s 2 , 

and S 3 OS,, each of which extends across the band. 


C ; contains the points (3, £) that satisfy the inequality 

cos 3; cos 3 cos {<f> — <£,) + sin 8 y sin 8 =? cos P 

The boundary of C> intersects the boundaries of the band 
in four points and By, with coordinates 


A} : 8 = it a, <£ = <£>+ cos 
B) : 8 = rta,<£ - <f>j - cos 


t cos p + sin 8, sin a 1 
cos 8 f cos a j 

cos P qz sin 3 , sin a l 
os 8, COS a ) 



(1) 


\\V liave a covering if A* and A" are in C, +1> and B } and B~ 
are in C,-,. 

Oui problem is to maximize the area of C. (1C,. This is 
equivalent to maximizing the cosine of the angle between 
the centers cf C, and C 2 , which is 

cos 0 12 = cos 8, cos 8 . cos (<£, — + sin 8, sin 8 2 (2) 

There is an extremal covering for this problem, if a and p 
are such that some coverings exist. Hence it is sufficient 
to consider only those coverings for which there is no obvi- 
ous variation that increases cos 

If we move each cap C } to a position centered on the 
equator at (0,£y), we preserve the covering ot the band. 
For, if we_denote_the points Ay etc., in the new position 
by bars. A) and B~ are diametrically opposite on the cap, 
hence 


COS 2 ct COS (Ay) — ^ (B~)] — sin 2 a = 

cos 2p^ cos 2 a cos [<£(A+) — — sin 2 a (3) 

and 

*(^)"*(*})^*(A5) -*(«;) 


By symmetry, this is equivalent to 

4>j i - + 

Similarly 

1 ++( a u) - 

If we started with a covering of the band, Cy and Cy_, 
meet on each boundary of the band, which makes 

<t>) “ ^(®y) ^(Ay.,) “ — 4>J 

Hence adding the preceding inequalities, we get 

- * (P )+* (A^) - *,.i ^ fa - A, t 

•' . . A C, and C hl overlap on each boundary of the 
proves the assertion, that the new configura- 
te. rrs the band. By Eq. (3), 

a(A;)-*(B;)=2cos->^£ 

7 1 COS a 
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The upper boundary of the band can be covered by three 
arcs with this change in longitude only if 

COS P 2 tt 
2cos ’ — 

COS ft o 


or 


COS COS ft 


( 4 ) 


This is a necessary and sufficient condition for the exis- 
tence of coverings. 

One way to increase cos 0 VJ is to move the center of C, 
directly toward the center of C 2 . The covering is pre- 
served unless A; or A; goes out of C r . Hence, for an ex- 
tremal covering, one of these points must lie on the bound- 
ary of Ci, so that A * = B; or A; = B\ . Similarly, B\ = A; 
or B~ = A~ . 

By reflecting across the equator, we can make A; = B\. 
Suppose first that the only other one of these relations that 
holds is B+ = A*. Move the center of C 3 along the great 
circle equidistant from A 2 and B~. There is a nearby posi- 
tion where At and B; fall inside C 3 , unless the center of 
C 3 is on the great circle arc from A * to B~ v Then, A; and B\ 
are at the ends of a diameter of C 3 , so 8 3 = 0 . Since A" and 
B{ are inside C 3 , Si > 0 and 8 2 < 0. If we go to the cover- 
ing with centers on the equator at (0, <£,) as described 
above, then by Eq. ( 3 ), cos 0 k is increased. Hence we are 
not at an extremal covering. 

This shows that we need only consider coverings with 
A~ = B - and B~ = A~. Since B\ and A* are in C 3 . 


Now we prove a lemma. 


8 ,^ 8 3 


( 5 ) 


Lemma. A covering with 8 3 < 0 , A; = B;, Bj = A; and 
81 > —8* cannot be extremal unless A“ = B 2 and 8, = 8 2 . 

Proof: First suppose A; B'. Then C t can be rotated 
about A~ in either direction without destroying the cover- 
ing. If the covering is extremal, cos 0 12 is at a stationary 
point under this rotation, which implies that the center of 
C, lies on the great circle through A“ . nd the center of C : . 

If 8- > — 8 3 , we find likewise that this circle go -1 
through B~. By symmetry, 82 = 8! and </> 3 — </>? — <£1 — A*. 
Then by Eq. ( 3 ), 

cos0 12 = cos 2 81 cos [2? r — 2 (<h — fa)] + sin 3 8 t 
= 1 — 2 [cos 81 sin (<f> x — <£ 3 )] 2 


!f we vary 8 t and S 2 , keeping 8 X = 8 2 and the hypotheses 
of the lemma, cos 81 sin (fa — fa), which is the distance of 
the center of C 1 from the vertical plane through the center 
of the sphere and the center of C,, has a relative maxi- 
mum for the given configuration. Hence cos 0 12 is at a rela- 
tive minimum, and can be increased by varying 81 in 
either direction. 

For 8 2 = —83, B; = At, and we can only rotate C 2 up- 
wards about B". If this does not increase cos 0 , 2 > the great 
circle through the centers of C x and C 2 must pass above 
B3. Let the highest point on this circle have longitude fa y 
and let it cross 8 = — a at fa after passing through the 
center of C 2 . Then we have fa — fa = fa ~ <f> (A~). Since 
81 82, |^i $ 4 ( < fa 4 * ^d so fa ^1 ~ 4* (^3)* 

Also, 8 t > S 2 implies <f> (B“) — fa > fa — <f> (A"), hence 
fa ~ fa< (B~) — fa . But this makes the circle pass below 
B;> a contradiction. 

Now we know that A' = B;. The circle 8 = — « is parti- 
tioned by Ci, C 2 , and C 3 into three parts. On each part, 
the variation in <f> can be found from Eq. ( 1 ). Since the 
total variation is 2-, we get 

(❖ (-4l) “ - <f>z) + (<f> (A;) ~ <h) = V 


or 


cos /? -f sin 8 1 sin « cos /? 4- sm S 2 sm a 

cos 1- cos 1 

cos 8t cos « cos 8 . cos a 


+ cos 


t cos /? 4- sin 8 -i sin of 


cos 8 1 cos « 


(6) 


Then fa — <f>(Ai) fa+<t>(A~) — fa~-ir — (<j>(A^) 

which is fixed when we vary 8, and 8 2 subject to Eqs. ( 5 ) 
and (6). Differentiating Eq. (6), we get 


d8 2 __ sin a -h sin 8 j cos / sin a 4* sin S 2 cos /? 
dS t cos 2 8j \ 1 — vi / cos 2 \ 1 — t 4 ^ 

( 7 ) 


where u, = (cos/? *f sin 8, sina)/(cos 8, cos or). Hence the 
range of 8i satisfying Eqs. ( 5 ) and (6) is an interval with 
S 2 > 8i = | S 3 1 at one end, 81 > 8 2 = 1 8* | at the other end. 
Differentiate Eq. ( 2 ) with respect to 8,: 


dcosfl, 


dfa 

[ — cos 8 t sin S 2 cos ($1 — fa) 4 * sin 8, cos 8 Z ] 
— sin 8! cos 8 2 cos (fa — fa) + cos 8 X sin S 2 


dfa 


118 


JPL TECHNICAL REPORT 32- 1526, VOL XIX 



By using Eq. ( 7 ) and the relation 

cos (<£, - 4>_.) = cos [($ (A;) - <t> t ) + (4> (A;) - ^)] 

- fl v tl. - \ T -U X l~fll 

this can be reduced to 


brings all the points A;, B:, and B; inside C 3 . Hence 8 3 ^ 0 . 
If 8 a = 0 , 8 - — 0 and 5 2 > 0 . Then moving the center of 
C x to (0, gives a covering for which cos 0 V > is larger. If 
8 :1 < 0 , 8 i > ~ — 8 3 * The lemma applies, and gives a 

contradiction. Hence there are no extremal coverings in 
class (II). 


d cos 8 , • 
dt, 


~ (positive quantity) • (sin 8 2 “ sin 81) 


It follows tha^ cos 6 l2 has a maximum at 8 t = 8 2 , which 
proves the lemma. 

Now we continue with considering all coverings for 
which A~ = B, and B; = A:.. There are essentially three 
classes: 

class (I): A: and B; interior to C 

class (II): A: = B;, B; interior to C 2 

class (III): A* = B; and B\ = A; 

For a covering in class (I), the center of C 3 may be 
moved along its meridian to bring A" and B~ inside C 3 , 
unless the center is already at the closest point to A; and 
B;. Then A; and B; are at the ends of a diameter of C 
which occurs for 


8 { — — sin 1 (sin af cos P) 


( 8 ) 


The hypotheses of the lemma are satisfied, so A ~ — B; and 
— 8,. Equation (6) becomes 

cos B 4 - sin 8, sin or cos p *f sin 83 sin a 

2 cos -1 r 4 - cos 1 “ 

cos 8 1 cos a cos 83 cos a 

Transpose the last term on the left and take the cosine of 
each side. By the use of some trigonometric formulas, the 
result is 

2^cos p 4 - sin 8, sin<*^ 2 ^ cos p 4 - sin 83 sin a ^ ^ 


> /cos p 4 * sin 81 sin«V 

\ COS 8j COS a ) 

From Ec r ( 2 ), 


cos 8 < cos * 


cos p + sin 83 sin or 

cos - sin 2 8, — cos 2 8, • z (10) 

COS 8 3 COS or 


This gives a possible extremal covering. 


For a covering in class (III), S t — 8.. = —83. We can 
reflect the covering in the equator to make 8^0. Then 
we have a covering if and C. overlap on the lower 
boundary of the band. The condition for this is 

A . cos p + sin 8, sin a cos P — sin 8, sin a ^ 

2 cos 1 ^ cos 1 ^ 77 

COS 8, COS or COS 8, COS or 

( 11 ) 

The left side of Eq. (11) is a decreasing function of 8 2 ^ 0, 
so we have an interval 0 ^ 8, ^ 8 m to consider, where 
equality occurs in Eq. (11) at 8 = 8 in . 

Put 

a — (cos P 4* sin 8j sin a ) /(cos 8, cos «) 
v — (cos p — sin 8j sin a)/(cos 8, cos a) 

y ~ 

~ (^1 ~ + (^ (A;) - ^3) 

= cos 1 « 4- cos 1 v 

By symmetry, £> — <£, 4- 2y = 2 tt, and 

cos 0 12 = cos 2 5, cos (2:r — 2y) 4- sin 2 8, 

= 1 — 2cos 2 8! sin 2 y 


and 


Let 

R = (1 - cos8,.)/2 
= cos 2 8 , sin 2 y 

= eos 2 8 t [u\ 1 — v 4 - v V 1 “ t* 2 ] 3 (12) 

Eliminating radicals, 

[R 4 - cos 2 8 2 (2w 2 o 2 — u 2 — o 2 )] 2 = 4« 2 t; 2 cos 4 8, 

X(l~u 2 )(l-o 2 ) 

( 13 ) 


For a covering in class (II), the center of C 3 can be 
varied along the great circle equidistant from A~ and B*. 
If 83 > 0 , varying in the direction of decreasing latitude 


In the range of 8 2 of interest, u 2 and v 7 are less than 1 , 
and Eq. ( 13 ) has real roots for R. The right side of Eq, ( 13 ) 
becomes negative when we pass 8 , = 0 — or, where u be- 
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comes greater than 1. Those points (8,, R) with 0^8^ 
p — *, which satisfy Eq. (13), form one connected curve 
in the 8,R plane. If we multiply Eq. (13) by cos 4 a cos 2 8,, 
it can be put in the form 

cos 4 a cos 2 8,R 2 4 - 4R [(cos 2 P — sin 2 * 4- sin 2 * cos 2 SO 

— cos 2 a cos 2 S i (cos 2 ft 4 sin 2 * 

— sin 2 a cos 2 SO] + 16 cos 2 ft sin 2 a 

X (cos 2 Si — cos 4 S,) = 0 (14) 

where the left side is a quadratic function of cos 2 S,. 

The points of the 8 ,R plane with 0 ^ 8, ^ p - « which 
satisfy Eq. (14) lie on a curve with its end points on 8, = 0, 
at R = 0 and R = R 0 = 4 cos 2 p (cos 2 * — cos 2 ft/cos 4 *. 
Since Eq. (14) is quadratic in cos 2 S,, each value of R 
can correspond to at most two values of 8,. This implies 
that the curve passes through 0 < R < R* just once, 
monotonically. 

An extremal covering minimizes R. R 0 is the value for 
a covering with 8, = 0. Since there is no local minimum 
on (0, R„), only 8, = 0 or 8, = 8, rt can give extremal 
coverings. 

This gives the following three coverings to consider: 

(1) — 8 2 = 8 3 = 0. Here cos0, 2 = 1 — 2 R 0 = 

1-8 COS 2 P( cos 2 * — cos 2 /5)/C0S* * 

(2) £1 = 8 2 = ”83 > 0. We need equality in Eq. (II). 
Then Eq. (9) applies with 8* = — 8„ or 2 ti 2 4 o = 1. 
Then from Eq. (12), 

cos In = 1 — 2 cos 2 8 x (1 — u 7 ) 
cos 0 12 — 1 — 2 cos 2 8, 

4 2 (cos p 4 sin 8, sin *) 2 /cos 2 a (15) 

The condition of Eq. (9) is 
2 (cos p 4 sin 8, sin a) 2 

4 COS 81 COS* (cos P ~ Sin 81 sin*) = cos 2 8, cos 3 it 

( 16 ) 

We also have the covering found in class (I): 

(3) 8 t1 = -sin 1 (sin a /cos ft, 8, = 8 2 > --83. Here 8, 
satisfies Eq. (9) and cos 0 U is given by Eq. (10). 


For any «, ft the optimal covering mu : be one or these 
three. The covering (2) is better than (1) if 

4 cos 2 p (cos- « — os 2 ft 
A = — — - cos- 8, 

COS 4 a 

(cosj 3 4 sin 8, sin ft) 2 ^ 

cos 2 at 

where 8, satisfies Eq. (16). Equation (16) loads to a 4th- 
degree equation in sin 8,. If we eliminate sin 8, between 
this equation, and the equation A = 0, we get a relation 
between a and p that holds on the curve separating the 
regions where (1) or (2) is better. This equation has the 
following parametric solution: 

9r* — 6 jt 4 x \ 
y ~ 10r* - 13r* 8 r - 1 1 

t = x(y - 1) ( (17) 

sin« = \[T V 

COS P = COS a Wy / 

The curve is generated by 3^ x ^ 3 4 

When the covering (3) exists, sin * cos ft which 
already implies that (2) is better than (1). Hence the 
region of p) for which (3) is extremal lies in the region 
where (2) is better than (1). Whenever '3) exists, the value 
of 8, for (2) is greater than sin 1 (sin */cos ft. This implies 
that (2) is not extremal, for varying 8* toward 0 in (2) 
brings the points Bj,A~ inside C 3 . Hence (3) is extremal 
when it exists, and the boundary of the region of (*, p) for 
which this occurs is the curve on which Eq. (15) is satisfied 
by 8, = sin 1 (sinc/cosft, or 

2 (cos 2 p 4 sin 2 *) 2 4 cos* (cos 2 0- sin 2 *)*/* = 
cos 2 * (cos 2 p — sin 2 *) 

Rationalizing, we get a 4th*degree equation for cos 2 p in 
terms of *. This equation has the parametric solution 

(1 — x 2 ) (3x 4 5) \ 

y 26x* 4 52x* 4 42x 4 8 J 

(l-x)*V9x*-f 14x + 9 0 ^^jf 

28x* + 52x 3 + 42i + 8 ’ \ (is) 

sin« s= V xy \ 

co J 

In Fig. 1, the region cos /3 — 12 cos a is shown, divided 
into the regions where each configuration is optimal. 
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Fig. 1. The regions whareMch configuration it optimal 
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Bandwidth Selection for Block IV SDA 

R. B. Crow 

R.P. Systems Development Section 


A review of the bandwidth selection for the Block III Subcarrier Demodulator 
Assembly (SDA) is given , along with the design philosophy as implemented in the 
engineering model of the Block TV SDA . 


Historically, the Block III SDA bandwidths were 
chosen for a number of reasons. The wU = 0.03 Hz loop 
bandwidth was the narrowest loop that could be effi- 
ciently obtained in terms of hardware stability, cost, and 
acquisition time, while the 1.5-Hz loop bandwidth was 
compatible with the Block III receiver wl^ = 152 Hz and 
was required for high-acceleration tracking at launch. The 
wL = 0.375 Hz loop bandwidth was a compromise in an 
effort to retain reasonable noise performance in the pres- 
ence of dynamic signal input (i.e., doppler rate). 

During the past 6 years, mission requirements have 
undergone considerable change, and S-band doppler rates 
as high as 180 Hz s can be expected in close flybys of the 
larger planets (e.g., Pioneer 1.3-radius, Jupiter flyby). 


The basic philosophy regarding bandwidth selection 
for the Block IV SDA requires 

(1) A narrow bandwidth (win — 0.03 Hz), so that no 
penalty is suffered in using the Block IV SDA at 
low symbol rates. 

(2) A wide bandwidth that is as narrow as possible 
while still maintaining sufficient gain (at design 
point) to handle the maximum doppler rate at the 
highest subcarrier frequency, 

(3) An adaptive gain control that can be raised quickly 
to improve the loop acquisition characteristic but 
lowered slowly at a rate depending on which band- 
width is being used, thus offering a convenient 
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means of increasing the loop gain (i.e., bandwidth), 
which can be smoothly reduced (to reduce the 
phase transient due to loop gain change). 

(4) A loop gain increase of 10:1 to give a reasonable 
increase in tracking acquisition performance with- 
out increasing the loop jitter beyond usable limits. 
(At design point, the narrow-bandwidth loop has a 
jitter of 4 deg RMS, while the narrow-acquisition- 
bandwidth loop will have 11 deg RMS phase jitter) 

Figure 1 is a plot of loop bandwidth vs. input sideband 
signal-to-noise energy ratio per bit (ST*^ N„) for both the 
Block III and IV SDAs. It can be noted that a more adap- 
tive bandwidth is available in the Block IV design because 
of a different IF bandwidth and a different ratio of input 


limit level/ virtual input signal (i.e., v) (Ref. 1). It is also 
apparent that the narrow bandwidth is approximately the 
same for Blocks III and IV up to ST* V /N a cz + 10 ud, 
while the Block III medium bandwidth is approximately 
the same as the Block IV wide bandwidth. 

From Fig. 1 and Tables 1 and 2. it is apparent that many 
missions previously handled by the Block III medium 
bandwidth can now be handled by the Block IV narrow- 
bandwidth loop (because of increased gain). 

All other missions requiring high doppler rate tracking 
can use the Block IV wide bandwidth (with little increase 
in noise degradation compared to the Block III medium 
and with large improvement in rate tracking error). 
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Table 1. Gain comparison between Block III and IV SDAs 
at design point 


Loop bandwidth 

Design point loop gain, s~ l 

Block III 

Block IV 

Narrow 

10 

56.8 

N arrow-acquisition 

10 

568 

Medium 

250 

— 

Wide 

500 

59,700 

Wide- acquisition 

- 

597,000 


Table 2. Gain comparison between Block III and IV SDAs 
at ST„/N 0 = +25 dB 


Loop bandwidth 

Loop gain at STty/No 

- +25dB, s- 1 

Block III 

Block IV 

Narrow 

23 

2,756 

Narrow-acquisition 

— 

27,560 

Medium 

2,675 

— 

Wide 

2,549 

329,544 

Wide-acquisition 

- 

3,295,440 
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Frame Synchronization Performance Analysis 
for MVM73 Uncoded Telemetry Modes 

B. K. Levitt 

Communications Systems Research Section 


This paper describes a practical frame synchronization (sync) acquisition and 
maintenance algorithm based on the Hamming distance met~l\ which is a gen- 
eralization of the scheme developed for the 1973 Mariner mission to Venus and 
Mercury (MVM73). For the special case of uncoded phase-shift-keyed data re- 
ceived over the binary symmetric channel , formulas are derived for computing an 
upper bound on the probability of false sync acquisition , the mean time to sync 
acquisition , and the mean time to the subsequent loss of sync , as a function of the 
bit error rate , frame length , sync word length , and algorithm parameters . These 
formulas are directly applicable to the uncoded MVM73 telemetry modes , and a 
numerical example relating to the 117.6 kilobits/s real time TV mode is included. 


I. Introduction 

The problem of establishing frame synchronization 
(sync) usually involves the identification of received sync 
words periodically interspersed with random data (Ref. 1). 
For uncoded binary signals received over the additive 
white Gaussian noise channel, the frame sync words are 
often located by finding segments of the received data 
that are highly correlated with the transmitted sync word 
(Ref. 2). Massey (Ref. 3) has in fact shown that the opti- 
mum sync word search requires the addition of a correc- 
tion term to this correlation rule. If hard decisions are 
made on the received data prior to the acquisition of 
frame synchronization, the problem is reduced to detect- 
ing the sync words in uncoded data received over the 


binary symmetric channel: in this case, the optimum 
frame sync decision is based on the Hamming distance 
metric. 

This article examines the performance of a practical 
frame sync acquisition and maintenance algorithm for 
uncoded phase-shift-keyed (PSK) data received over the 
binary symmetric channel. Because the detected PSK data 
necessarily have a binary phase ambiguity that cannot be 
resolved until frame sync is established, the algorithm 
bases its sync decision on a modified Hamming distance 
rule. Instead of making a hard sync decision over a single 
frame of received data, the algorithm scans the detected 
bit stream, searching for a sequence whose Hamming dis * 
tance from the sync word satisfies a threshold test. When 
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the bit error rate is high and the threshold is stringent, the 
reliability of the sync decision is improved at the expense 
of delaying that decision for several frames. For addi- 
tional reliability, a hard sync decision is made only when 
two received sequences one frame apart both satisfy the 
threshold test. 

The frame sync algorithm described herein is not excep- 
tionally innovative, and variations on the same approach 
have been used on past Mariner missions. It is in fact a 
two-threshold generalization of the particular acquisition 
and maintenance algorithm that was developed for use 
with the uncoded and biorthogonally coded telemetry 
modes of the Mariner 10 spacecraft (MVM73V The prin- 
cipal purpose of this article is to document the perform- 
ance analysis of this algorithm for uncoded PSK data 
received over the binary symmetric channel. Markov 
models are employed in this analysis to derive formulas 
for computing an upper bound on the probability of false 
sync acquisition, as well as the mean time to sync acquisi- 
tion, and the mean time to the subsequent loss of sync, 
for arbitrary bit error rates, frame lengths, sync word 
lengths, and threshold values. These formulas are directly 
applicable to the uncoded MVM73 telemetry modes, and, 
as a numerical example below, they are used to determine 
optimum threshold values as a function of the channel bit 
error rate for the high-rate (117.6 kilobits/s) real time TV 
data mode. It should be noted here that the author has 
extended the algorithm performance analysis to include 
the MVM73 telemetry modes employing a (32,6) bior- 
thogonal code, although the work has not been published 
to date. However, numerical results for the 22.05 kilobits/s 
coded TV telemetry mode have been used to select proper 
algorithm threshold values for the MVM73 mission. 

II. Frame Sync Algorithm 

The operation of the acquisition and maintenance 
modes of the frame sync algorithm are detailed in the 
flow diagrams of Figs. 1 and 2. A brief description of the 
algorithm now follows to establish some notation that will 
be needed later for the performance analysis. 

Assume that the transmitted information is organized 
into M-bit frames composed of an L-bit ^ync word fol- 
lowed by M — L statistically independent, equally likely 
data bits. The detected bit stream contains independent 
bit errors: a particular bit will be incorrect with proba- 
bility f. 

Let the received bit stream be represented by the 
binary sequence r,, r., r, * * , and define an arbitrary 


L-tuple p m = (r m ,r mfl , • • • y r m+Ij The frame s>nc objec- 
tive is to identify which of the p M $ are received frame 
sync words. When a binary PSK signal is demodulated 
using a carrier reference derived from the modulated sig- 
nal, there is an inherent binary phase ambiguity in the 
detector outp ut: th at is, the received bit stream can be 
inverted data (data) with probability M>. Consequently, for 
low bit error rates, if a particular p m is in fact a received 
sync word, its Hamming distance d m from the transmitted 
sync word is equally likely to be near 0 or L. As indicated 
in Figs. 1 and 2, the algorithm threshold test reflects this 
property. 

Suppose the receiver is out of sync, and the acquisi- 
tion mode is initiated. The overlapping L-bit received 
sequences pi, Pj, p- t , * * * are examined in succession, and 
the corresponding Hamming distances d u d 2 y d { • * * from 
the sync word are computed. The algorithm uses two 
threshold tests: d m ^ T u and d m L — T, (the latter indi- 
cating the detection of data). If it finds a sequence p& 
which satisfies either threshold test, and if the sequence 
pti+M one frame ahead satisfies the same threshold test, 
frame sync is established. That is, a hard decision is made 
that p£ is a received sync word, the data polarity is de- 
duced according to which of the two threshold tests was 
satisfied by p£ and p£ + *, and the maintenance mode is 
entered. 

If the communication link consisted only of a binary 
symmetric channel, there would be no need for a frame 
sync maintenance mode. If bit synchronization could be 
maintained perfectly once frame sync was acquired, a 
simple bit counter could maintain frame sync indefinitely. 
Unfortunately, in practice, interface buffers within the 
overall communication link typically result in random 
deletions and insertions of bits in the received data 
stream. It is the function of the frame sync maintenance 
inode to detect these occurrences, and to signal the result- 
ing loss of frame sync. 

Referring to the flow diagram in Fig. 2, it is seen that 
the data polarity decision made when frame sync was 
established confines the maintenance mode to one of the 
two threshold tests, d m ^ T a and d m ^ L — T z . (Note that 
the acquisition and maintenance modes use different 
thresholds in general.) In the acquisition mode, it was 
decided that pj; was a received frame sync word, since 
dH and dQ+M satisfied the same 7\ threshold test. The 
maintenance mode examines only presumed received 
sync words of the form p£ +teJ r, where k is a positive inte- 
ger. If T> ^ 7\ (see discussion below), d£ and d'„+ u must 
satisfy the T z threshold test; consequently, the mainte- 
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nance mode can start with as indicated in the dia- 

gram. When two consecutive sequences that should be 
received sync words fail the threshold test, the receiver 
is declared to be out of sync, and the algorithm reverts to 
the acquisition mode. 

The following design objectives influence the selection 
of the thresholds T x and T 2 . For convenience, use the 
following terminology: 

Pr[FS]: probability of false sync acquisition. 

MTS : mean time to sync acquisition, in frames 

(expected value of m/M) y conditioned on 
a correct sync decision (assuming 
Pr[FS]<<l). 

MTLS: mean time to loss of sync following correct 

sync acquisition, in frames, neglecting 
bit insertions or deletions. 

Ideally, we would like Pr [FS] and MTS to be small, 
while MTLS is large. However, for fixed values of e, L, 
and M, Pr [FS] decreases while MTS increases mono- 
tonically as T x decreases, and the reverse condition also 
holds. So the selection of T ^ involves a tradeoff between 
Pr [FS] and MTS, Typically T x is made relatively small, 
favoring Pr[FS], so that when a frame sync decision is 
made, it is likely to be correct. Fortunately, it will be evi- 
dent in the numerical examples below that T, does not 
have to be too large for MTS to be near the minimum 
value of Vi. 

With regard to the selection of T 2 , it should be noted 
that following the acquisition o f frame sync, there are 
two situations that would cause the maintenance mode 
to decide that sync is lost. If one or more bits are erro- 
neously deleted or inserted into the received data stream, 
thereafter, the received sync words would not coincide 
with the L-bit sequences examined by the maintenance 
mode. If the sync word is a Barker (Ref. 1) or a Neuman- 
Hofman (Ref. 4) sequence, its correlation properties 
would ensure that the Hamming distances of the L-bu 
received sequences from the sync word are likely to be 
near L/2. In this case, a threshold T 2 on the order of Z./4 
would be small enough to signal the loss of sync* On the 
other hand, if the channel state is such that no bit dele- 
tions or insertions are occurring, the maintenance mode 
will still declare a loss of sync, falsely, if two consecutive 
received sync words contain more than T a bit errors. It is 
this circumstance, relating only to the binary symmetric 
channel model, that is measured by the parameter MTLS 
defined above. (To include the random deletions and 
insertions in the channel model, a multi-state Markov 
approach would be required; this complication is avoided 


in this article.) To maximize MTLS , T 2 should be as large 
as possible; a threshold near L/4 is compatible with this 
objective. In conclusion, T 2 should be near L/4, and T r 
should be closer to zero. 


III. Algorithm Performance 

The following formulas relating to the performance of 
the frame sync algorithm for uncoded PSK data received 
over the binary symmetric c\annel are derived in the 
Appendix: 


Pr [FS] ^ 

(M - 1) y j + min [a, (A# - 1) A £ + |(L - 1) r ] 

( 1 ) 

where it is assumed that M > > L, and 






( 2 ) 


1:0 

y (T,) [3 - 2iy (Ti)] 

[1 -,(T,)]* 


(3) 

(4) 


MTS = + A frames; Pr [FS] < < 1 (5) 

ZM 


MTLS = 


V(T.) 


frames 


(6) 


Parameters y and rj (T) have physical interpretations: 

y: the probability that a particular L-bit received 

sequence, composed of independent, equally 
likely l's and 0’s, satisfies either acquisition 
threshold test (probability of a “false alarm”). 

rj (T): the probability that a particular received sync 

word (or complemented sync word if data is 
detected) has more than T bit errors, and fails 
the corresponding threshold test (probability of 
a “miss”). 


A numerical example will serve to demonstrate the 
behaviour of Pr [FS], MTS, and MTLS as a function 
of threshold values for fixed L, M, and *. The 1973 
Mariner 10 mission to Venus and Mercury has a high- 
rate (117.8 kilobits/s), uncoded PSK telemetry mode for 


128 


JPL TECHNICAL REPORT 32-1526, VOL. XIX 



transmitting real time TV data to Earth. This mode has 
a frame length M = 7056 bits, and a sync word length 
L = 31 bits (a pseudo-noise or PN sequence). As the 
spacecraft-to-Earth range varies durin^ the mission, so 
does the bit error rate f; it is anticipated that during the 
primary mission, e will not exceed %o. On t bis mission, 
the acquisition and maintenance thresholds are identical, 
and are denoted by 7. For bit error rates in the range 
Mzo^e^lboo, the frame sync algorithm performance is 
summarized in Table 1. A single TV picture is composed 
of 700 frames of data; one of the design objectives in 
selecting T was that MTLS exceed 700, so that frame 
sync would be likely to be maintained over a TV picture. 
Subject to this c nstraint, as well as the threshold trade- 
offs discussed earlier, the recommended values of T are 
circled in Table 1. It is evident from the table that if T is 
adjusted for changes in e, MTS will be near MTLS will 
exceed 700, while Pr [FS] is less than 2 X 10 8 , for f less 
than M>o. 

IV. Summary 

This paper has considered the problem of acquiring 
and maintaining frame synchronization in uncoded PSK 
data received over the binary symmetric channel. To this 
end, a practical algorithm was described that computes 
the Hamming distances of L-bit segments of the received 


bic stream from the L-bit sync word, and applies these 
distances to a threshold test. 

In the acquisition mode, the algorithm ensures a reli- 
able frame sync decision by requiring that two consecu- 
tive L-bit received sequences one frame apart satisfy a 
stringent threshold test. The maintenance mode is de- 
signed to flag the loss of frame sync due to random 
deletions or insertions of bits in the received daia stream; 
at the same time, its threshold test allows sufficient errors 
in the received sync words to pass so that the loss of sync 
is not likely to be declared falsely. 

The performance of this algorithm was analyzed with 
the aid of Markov models of the threshold test operation. 
An upper bound for the probability of false sync acquisi- 
tion, the mean time to sync acquisition, and the mean 
time to loss of sync were computed as a function of the 
bit error rate, frame length, sync word length, and algo- 
rithm threshold values. 

This algorithm is a generalization of the scheme devel- 
oped to provide frame synchronization on the Mariner 10 
spacecraft-toEarth telemetry link. As a numerical exam- 
ple, the derived formulas were used to predict the 
algorithm performance for the spacecraft's high-rate, 
real-time TV data mode. 
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Tablo 1. Frame sync algorithm performance for M ~ 7056, 
L = 31 (note th*t Pr [FS] is actually an upp.r bound) 


e 

T 

fr [FS] 

MTS, frames 

MTLS, frames 


5 

7 x 10-« 

0.51 

7 > 10* 

1/20 

© 

2 x 1(H 

0.55 

3179 


3 

6 X 10-s 

n to 

236 


4 

2 X 10* 


9 X 10* 

1/30 

® 

4 X 10 s 

0.56 

“>839 


2 

6 x 10-i° 

0.78 

155 


4 

2 X lO- 6 

0.50 

1 X 10« 

1/40 

® 

4 X 1C" 8 

0.52 

2 X 10 4 


2 

5 X lO-^ 

0.63 

597 


3 

4 X 10- 8 

0.51 

9 X 10* 

1/50 

<D 

4 X KH° 

0.57 

1822 


i 

3 X 10-i; 

0.96 

69 


3 

4 x 10-s 

0.50 

2 X 10 7 

1/100 

© 

4 x 10-“ 

0.51 

8 X 10* 



2 X 10-“ 

0.62 

704 


0 

5 X 10“ 

1.73 

17 


2 

4 X 10-“ 

0.50 

4 X 10 6 

1/200 

CD 

2 X 10“ 

0.53 

9064 


0 

3 x 10-“ 

1.03 

54 


2 

4 X 10-“ 

0.50 

8 x 10 3 

1/500 

G> 

2 x 10-“ 

0.51 

3 X 10 5 


0 

2 X 10-“ 

0.70 

292 
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Appendix 

Derivation of Algorithm Performance Formulas 


I. Probability of False Sync Acquisition 

Assume *bat the received sync words are p»*, p.*, M , 
Pm*+z*> * * * , where m* is uniformly distributed: 

Pr[m*] = ~ (A-l) 

Define the following events, conditioned on a particular 
sync index m*: 

»rt* - X 

Ph= U (m = m) 

m =. 1 

R k ==(rn^=m* + kM) 

m*+kM + L~\ 

V k =~ U (m = m) 

m = + 1 

w*+(fc + i)Jf-L 

W t s U (m = m) 

m = »* + kM + L 


p = PrJ* u (m = m)l ^ 2 Pf [m = 

L J *»=i 

Under the assumption that a Barker or Neuman-Hofman 
frame sync word is used, it will be assumed that all of the 
received sequences p m for 1 ^ m ^ m* — 1, including 
those that overlap p m *, can be treated as uniformly ran- 
dom binary L-tuples. The n 

Pr[{H = tn\mJ=m'] = Pr{[(d m ^T l )C\ (d mtM ^ T,)] 
U[(d^L-r,) 

O — L — T,)] | m^m*) 

= {Pr [d m — T l \m^rri‘] 

+ {Pf[d.^L-r,|m#m*] 

X Pr [d*+» — L — 


v k = u (m = m) 

m=m* + {k + i)Jf-L + i 
m*+ (fc + i) If - 1 

X t ss u (m = m)=V k UW k U Y* 

m = iM + kM + 1 

where m denotes the frame sync acquisition decision. 

There are two approaches to bounding the probability 
of false sync acquisition (FS) used in this paper. The first 
is based on the events {X*}: 

Pr[FS|m*] =Pr[PU(R 0 nXo)U(R 0 nR 1 nX t )U ] 

By the familiar union bounding technique, 

(A-2) 


Pr[FS|m*]^p + 2 /x* 

k-o 


where 


p — Pr [P] 

fj^^PrlR.DR.n • • * n R* n x k ] 

To compute p, (still conditioned on m*), the union 
bound is again applied: 


and each of the four terms above equals y/2, where 


y = Pr[(d m ^T l )U(d m ^L- T x )\m^m*] 

-K£(i) + £(*)]-•■“ to 

L # -o #=l-t x -f i*o 

Pr [m = m|m^m*] = y , independent of m 

(A-3) 


and 


P-(m*~ l)y 


Since Eq. (1) implies that 


it follows that 


m* = | (M + 1) 


r*^(w - dt 


(A*4) 


(A-5) 
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Hie computation of bounds on /i* is somewhat more and satisfies the same test as p£. And 
involved. Note that X* is independent of Ro, R ly * * , fl*- 2> 

but is correlated with R*^ and R*, for )k — 2 . Since P* = Pr [m=£m* 4- IM; 0 ^ I ^ Jc] 


Pr [E, n E J ^ min {Fr [E, ], Fr [E 2 ] ) 

for arbitrary events E x and E 2 , it follows that 

i min {Pr [R 0 fi R t n • • • n R*],Pr [X*]}; k = 0, 1 

min {Pr [Ro n R t n ■ * n R*], 

Pr [Ro D Rj n * n R*- a ] Fr [X k ] } ; Jk ^2 

As in the computation of p, 


Consider a particular received sync word p M *+ t «: condi- 
tioned on the detection of (noninverted) data. 


L 

Pr + — L - T, | data] = » (1 - «)*- -> 

/=L-rj 


Pr[X t ]^(M-l)£; 

J min [p*,(M- 1 )^ 1 ; k = 0, 1 
min^P t( P t . 5 (M-l)|J; *^2 

where 

Ft s Fr [Ro nRjfl • • • nRt]; Jk^O 
We want to compute an upper bound for 

x 

2 * 

k-0 

It will be seen later that it is difficult to determine a gen- 
eral expression for P*. whereas 

2 

k = o 

has a simple closed form expression. Consequently, we 
will use the bound 

i t>* — min [i P k , (M- 1)^(2+ £ # P* )] (A-6) 

The Markov model of Fig. A-l is used to calculate 

2 P* 

k=o 

Recall that p£ is declared to be a received sync word if 
and only if it is the first sequence p m satisfying one of two 
threshold tests 

(L^T, or dm^L — T, 


If T x is much smaller than L, as recommended earlier, 
and 1 is not unusually high, the probability above is neg- 
ligible in comparison with 

Pr[d m *., M ^T, | data] 

and 

Pr [2\ < < L - T, | data] 

Similarly, conditioned on the detection of data, 

r i 

Pr ^ T, | d^ta] => t r . ^ (^) (1 ~ «)' 

; =0 

which can be neglected. The conclusion is that although 
there are two sync acquisition threshold tests with re- 
spect to the received sync words, only one of these tests 
is pertinent, conditioned on the detection of data or data, 
and the probability that a particular received sync word 
fails this pertinent test is given by 

,(r,)^l- e' (1 — t) L ~' (A-7) 

1=0 

independent of the data/data conditioning. 

Now, referring to Fig. A-l, suppose the receiver is in 
the ‘bad’ state, B. With probability 17 (Tj), p m # fails the 
pertinent threshold test, ind the receiver remains in 
state B. With probability 1 — ^(Ti), Pm# passes this test, 
and the icceiver transfers to the ‘good* state, G, which is 
really a conditional sync acquisition state. If pm#+* subse- 
quently satisfies this threshold test, the receiver is in sync, 
with m = m*. However, if p fails the test, m cannot 
equal m* or m* + Af , and the receiver reverts to state B. 
Therefore, with respect to this model, 
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It = 0,1 


! min [P*, (L - 1) ; 

min[P t ,P t -;(L-l)^j; Jt^2 

2 «r t ^min|^A,(L - l)y (A + 2)J (A-12) 

With regard to ft, it is noted that W k is independent 
of Ro,R u , ft for k^O, and 

Pr[W k ]^(M ~ 2L -r 1 )" 2 ~ 
.\fc=££P*(M-2L4 1)^ 

V ft^A(Af -2 L rl)I (A-13) 

fc = 0 

As for £*, it is evident that Y* is independent of R>, 
R u * ' * ,Rt-i for 1, and 

Pr[Y t ]^(L-l)£; fc^O 

min £p. H (L - 1) ; k = 0 

min|^P t , P t -,(L - l)yj; fc — 1 

2 & ^ min £ A, (L - 1) ^ (A + 1) J (A-14) 
Combining Eq. A-5 and Eqs. A-ll through A-14, 

Pr [FS] ^ (M - 1) ^ 4- min |^2 + (M - 2L + 1) A, 
[i + (M-L)|]a 4 (L-l)£, 

A(M-l)£+|(L-l)yj (A-15) 

Comparing Eqs. A- 10 and A-15, and noting that we 
generally have L < < M, the final bound is 

Pr[FS]^(Af-l)^ + min £ A, (M-l)A-^- 

+ |(L-lb’] (A-16) 
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II. Mean Time to Sync Acquisition 

If 7\ is relatively small, the probability that two incor- 
rect L-bit received sequences one frame apart satisfy the 
acquisition threshold test (false alarm) is negligibly small. 
In this case, Pr [FS] << I, and with high probability 
m = m* 4 - kM for some integer Jk. Since the probability y 
of a false alarm is negligible, it is the probability y (T,) of 
a miss that is the dominant factor in making Ik nonzero. 
Therefore, the Markov model of Fig. A-l can be used to 
compute the mean time to syne 

MTS = —■ = k (A- 17) 

To this end, define 

b = number of transitions from state B to SYNC 
g = number of transitions from state G to SYXC 

If we start in state B, and the first transition depends 
on p**, 

k = b-2 (A-I8) 

From the model of Fig. A-l, 


deletions and insertions are neglected. That is, the main- 
tenance mode examines only received sync words. Since 
pa and pa.jr satisfy’ the stringent acquisition threshold 
test, if T. ^ 7\ as recommended earlier, they must also 
satisfy the maintenance threshold test. Consequently, the 
frame of received data between pa and pa. * is in sync, 
and the time to loss of sync is at least one frame. In gen* 
eral, if p£,k M and pa~it-n* are the first two consecutive 
received sync words to fail the maintenance threshold 
test, the time to loss of sync, measured by the number of 
good data frames accepted by the maintenance mode, 
is k — 1. Accordingly, the mean time to loss of sync is 
given by 

MTLS =k- 1 (A-21) 

Using the Markov model of Fig. A-2, define 

g == number of transitions from G to SYNC LOST 

b = number of transitions from B to SYNC LOST 

Starting in state G, the first transition reflects the outcome 
of the T~ threshold test applied to p M .;*; then the time to 
loss of sync is g — 1, so that 


fc=,(T 1 )(fc + l) + [l-,(T l )](g + l) 



(A-22) 


g«l(T.)(fc + l) + [I"? (TO! 

b -2 = '-i 


[ l-v(T,)Y 

From Eqs. A-4 and A- 17 through A-19, it follows that 


(A-19) 


MTS = + A; Pr [FS] < < 1 (A-20) 

III. Mean Time to Loss of Sync 

It is assumed below that the frame sync acquisition 
mode has made a correct sync decision, and random bit 


From the model, it can be seen that 


S~ [1 ~ 7 (T*)] (1 + g) + n (T t ) (1 + b) 
b= [1 -,(TJ](l + g) + ,(T,) 

Nik 

l + f (T,) 

g vHT,) (A-23) 


.*. MTLS - 


i + ,(r,)-,»(T 8 ) 

1 f(T : ) 


(A-24) 
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DSN Research and Technology Support 

E. B. Jackson 

R. F. Systems Development Section 


The activities of the Development Support Group in operating and maintain - 
mg the Venus Station (DSS 13) are discussed and progress noted. Activities 
included planetary radar experiments (Venus and Mercury), radio source sky 
survey using the 26-m antenna , Faraday rotation data collection , weak radio 
source flux density measurement, X-band 400-kW radar development and testing , 
Block IV receiver/exciter installation and testing/ checkout , 26-m antenna re- 
ceiving system temperature improvement, differential very long baseline inter- 
ferometry (VLBl) experiments, clock synchronization transmissions , DSS 14 
high-power transmitter maintenance support , and Pioneer 10 science support . 


During the two month period ending December 15, 
1973, the Development Support Croup operated the 
Venus Station (DSS 13) and performed the following 
activities. 

I. In Support of Section 331 

A. Planetary Radar 

For a total of five and one-half hours, DSS 13 supported 
the ranging of the planet Venus to gather data for use by 
the MVM73 project. Pseudonoise (PN) code and code 
timing pulses were supplied, via microwave link, to 
DSS 14 for use as a modulating signal for the 400-kW 
R&D transmitter, and to synchronize the demodulating 


system. In addition to these ranging efforts, five and one- 
half hours of special Mercury ranging were supported in 
a similar fashion, with 10 data runs being completed. 
Additionally, preliminary testing, with DSS 14 transmit- 
ting and both DSS 14 and DSS 13 recemng, of a proposed 
“active VLBI” experiment was performed. This experi- 
ment, with Greenbank Radio Observatory as the coop- 
erating station, is scheduled for early in 1974. 

B. Station Monitor and Control (RTOP-68) 

As part of the work being done under Research and 
Technology Operating Plan 68 (RTOP-68), the SDS-930 
computer and DSS 13 26-m antenna were used for six 
hours to continue testing of a developmental conical 
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scanning antenna drive program destined to be used at 
DSS 14. 

II. In Support of Section 333 

A. Sky Survey 

Using the noise adding radiometer (NAR) and the 26-m 
antenna in a fixed position( usually 180° az and 80-87° el), 
data are collected on the total antenna system tempera- 
ture as the Earth’s rotation sweeps the antenna beam 
across the sky. This observing, conducted automatically 
during the hours when the station is closed (nights, holi- 
days, and weekends) collected a total of 534 hours of data 
during this period. 

B. Faraday Rotation 

In anticipation of the launch of the MVM73 spacecraft, 
it was decided to provide backup for the single receiver 
being used to collect Faraday rotation data. Purchase 
orders have been placed for two more receivers for evalu- 
ation but, pending thei r arrival, a receiver was obtained 
on loar from Teledyne Corporation. After extensive 
modification of the antenna previously used with the 
Smythe receiver, the Teledyne receiver was placed into 
service and is currently collecting data. Stanford Research 
Institute delivered and installed a second receiver But 
the antenna drive mechanism failed and this receiver is 
currently not functioning. At the end of the period, both 
the Teledyne and one Stanford receiver are collecting 
data from Applications Technology Satellite I (ATS-1), 
data that will be used by the MVM73 project to provide 
ionospheric correction for the spacecraft ranging and 
doppler data. 

C. Weak Source 

With the reinstallation of the S-band radar operational 
(SRO) feedcone onto the DSS 13 26-m antenna and the 
relocation of the maser/refrigerator from the electronics 
room into this feedcone, the resulting low receiving 
system temperature has made it feasible to again measure 
the strength of weak radio sources. Late in November this 
project was resumed with 13 hours of data being collected 
on radio sources 3C123, 3C138, 3C147, 3C353, NGC7027, 
PO 237-23, and PO 2345-23. 

In anticipation of full-scale resumption of the associ- 
ated antenna gain measurement portion of this program, 
the standard gain feedhom was removed from the 26-m 
antenna and returned to Section 333 for examination and 
calibration. 


III. In Support of Section 335 

A. X-Band Radar (400 kW) 

The first klystron (VA-949J) was installed into the 
modified test bed and tested at a power output of just 
over 200 kW. During this testing, three directional cou- 
plers failed, two with overheated internal matching loads 
and one with water leaks in the cooling tubing. On 
December 6, 1973, this first klystron apparently failed and 
was removed from the test setup. 

A replica of the inside framework of a 64-m-type feed- 
cone has been constructed at DSS 13. A dual klystron 
power amplifier with combiner, water loads, and couplers, 
as required for complete testing, will be constructed in 
this replica. Available space is limited and integration of 
the two klystron power amplifiers into the cone will be 
difficult. Pending the availability of the actual feedcone, 
this replica will enable construction, fitting, and testing 
to take place. 

B. Block IV Receiver/Exciter 

We continued to provide support to the installation 
and checkout of the Block IV receiver/exciter at DSS 14. 
Installation is now complete and, working until the con- 
figuration at DSS 14 was frozen for MVM73 launch, 
testing and checkout were supported with a total of 
273 manhours. The Block IV receiver/exciter is now par- 
tially operational and is being used to support MVM73. 

C. Antenna Pointing (26-m) 

Inasmuch as we were resuming normal receive capa- 
bility operation, and reinstallation of the SRO feedcone 
may have resulted in a change in the agreement of the 
radio frequency axis of the antenna with the mechanical 
axis, some test tracking was done with the scan and 
correct using receiver (SCOUR) computer program. In 
three hours of tracking using Cassiopeia A and Cygnus A 
as sources, a new set of preliminary azimuth and eleva- 
tion offsets was obtained for use during other tracking 
activities. 

D. Receiving System Temperature Improvement (26-m) 

With the completion of the first phase of the dual 
uplink carrier testing, it was felt that the maser/ 
refrigerator could be relocated from the electronics room 
into the feedcone and thus improve the receiving system 
temperature from 29 K to approximately 17 K at zenith. 
This relocation was effected and the maser compressor 
was also reinstalled into the closed cycle refrigerator 
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(CCR) room on the antenna (vice the outboard elevation 
bearing platform). Unfortunately this compressor soon 
failed and was replaced by the spare. The failed unit has 
been repaired and is ready for reinstallation if necessary. 

IV. In Support of Section 391 

In an investigation of its application to spacecraft 
positioning, a differential very long baseline interferome- 
try (VLBI) experiment was carried out with Pioneer 10 
and a radio source as signal sources; the cooperating 
stations were DSS 13 and DSS 42. A total of 18Vj hours 
on four separate passes were spent observing, in the VLBI 
mode, the spacecraft Pioneer 10 and radio source OW-174. 

V. In Support of Section 422 

A. Clock Synchronization Transmissions 

Regular clock synchronization transmissions have not 
yet been scheduled by DSN scheduling but special trans- 
missions were made to DSSs 42 and 43. These trans- 
missions, along with the regularly scheduled maintenance, 
disclosed some system problems. Marginal radio fre- 
quency (RF) drive to the 100-kW klystron was cOir°cted 
by replacement of the X 14 multiplier in the exciter chain. 
A synthesizer failed and was replaced in the programmed 
oscillator used for frequency control. A total of nine 
transmissions have been made during the last two months. 

B. DSS 14 High-Power Transmitter Maintenance 

In preparation for the launch of the MVM73 space- 
craft, the complex spare 20-kW klystron was installed at 
the Microwave Test Facility and correct operation 
assured. Some minor tuning was accomplished, then the 
klystron, with a complete set of operational data, was 
shipped to DSS 14 in case of need. 


During a routine checkout, the 100-kW DSN trans- 
mitter was discovered to be inopera tional. With the 
assistance of the DSS 14 staff, DSS 13 personnel replaced 
the klystron, socket tank and magnet, and restored the 
system to operational condition. Due to schedule require- 
ments at DSS 14, this work was accomplished during four 
consecutive night operations. 

The previously reported (Ref. 1) difficulty with re- 
flected power on the R&D 400-kW transmitter was found 
to be spurious signals caused by a defective radio 
frequency connector in the input line to the frequency 
multiplier. Replacement of this connector cleared up the 
poorly transmitted spectrum and full 400-kW operation is 
now possible without reflected power “kickoffs.” 

C. Pioneer 10 Tracking 

If the tracking load at DSS 14 can be relieved, a 
planetary radar experiment is planned with the comet 
Kohoutek as a target. It is proposed that DSS 13 take 
over tracking Pioneer 10 for several days during early 
January, 1974. In validation of DSS 13’s capability' to 
receive good data, and with the cooperation of DSS 12 
for telemetry reduction, a test track was made of 
Pioneer 10 with the telemetry subcarrier being trans- 
mitted to DSS 12 via the intersite microwave link. Good 
data were obtained with the telemetry S/N ratio being 
2.5 from DSS 13 vs 2.8 with DSS 12 receiving. 

VI. In Support of Section 825 

With the closer approach of Pioneer 10 to Jupiter, a 
stepped-up level of radiation monitoring was provided 
from DSS 13. The radiation at 2295 MHz from Jupiter 
was monitored for a total of 87.5 hours. Radio star cali- 
brators, as tabulated in Table 1, were also observed for 
122 hours. 
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Table 1. Radio star calibrators used in P ione er 10 
s cie nce support 


3C48 3047 3C309.1 Virgo A 

3023 3C218 3C348 NGC7027 

3038 3C288 3C353 P0237-23 
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Design of a High-Speed Reference Selector 
Switch Module for the Coherent Reference 
Generator Assembly 

T. K. Tucker 

R. F. Systems Development Section 


Design effort was started in April 1973 to develop and fabricate a high-speed 
switch module for the Coherent Reference Generator Assembly . The major design 
goal was to develop a high-speed switch capable of switching between frequency 
standards in less than 400 ns in the event of a primary standard failure, thus 
providing a constant failsafe 1-MHz reference signal to the station clocks. This 
report reviews the overall design and provides a general overview of the com- 
pleted module . 


The engineering model of the Coherent Reference 
Generator Assembly (CRG) was installed and imple- 
mented at DSS 14 during July 1973. Included in this 
installation was an engineering prototype of the 1 MHz 
clock reference switch module (switch module), which 
supplies 1-MHz reference signals to the frequency and 
timing subsystem (FTS) clock and timing circuits. 

The following significant features of the Switch Mod- 
ule will be discussed in this report: 

(1) Design objective. 

(2) System application 

(3) Description. 

(4) Present status. 


I. Design Objective 

The major design objective for the switch module was 
to provide a constant 1-MHz reference to the station 
clock by automatically switching to a backup reference 
source in less than 400 ns in the event of a primary 
source failure. 

II. System Application (Fig. 1) 

Inputs to the CRG are obtained directly from the 
station frequency standards that, during the next few 
years, may be two rubidium standards (Rb) or two 
hydrogen maser (HM) standards. 

The primary input to the FTS clock system from the 
CRG .s a failsafe 1-MHz reference derived from either 
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the present rubidium standards or the future ultrastable 
hydrogen maser standards. Once a class of standard is 
chosen (either rubidium or hydrogen maser), the sec- 
ondary or backup reference is derived from the same 
generic type (ke., if hydrogen maser No. 2 is chosen as 
the prime standard, h>urogen maser No. 1 would be 
the backup unit). 

Both the primary and secondary standard 1-MHz 
references are made available to the FTS so that d pli- 
cate clocks can be operated for long-term stability and 
standard performance determination. 

III. Description (Fig. 2) 

The switch module is housed in a standard Block IV 
RF module and has been designed to operate without 
operator adjustment or alignment. 

The switch module has been designed with a “failsafe” 
dc power system. In the event of a dc power loss from 
the CRG power supplies, the module automatically 
switches to a battery backup source located in the FTS, 
thus assuring continue 1-MHz references to the sta- 
tion clock. 

Two input references are selected, within the module, 
by a solid-state multiplexer that is addressed externally 
by the CRG control and monitor panel. The multiplexer’s 
logic assures that the primary signal is obtained from the 
selected frequency standard and the secondary, or back- 
up, is derived from the other like standard. 

The key idea of the overall switch design is to use 
digital switching techniques to accomplish the high- 
speed switching. To accomplish this, both the primary 
and secondary standard inputs are passed through 
Schmitt triggers and converted to transistor-transistor 
logic (TTL) levels. 

To detect primary standard failure, two parameters 
must be considered: (1) instantaneous signal presence, 
and (2) the average input power level. 

Instantaneous failure sensing and switching is accom- 
plished through an unusual application of a zero cross- 
over detector circuit, which consists of two voltage 
comparator integrated circuits interconnected and biased 
to provide full 380-deg signal presence sensing of the 
primary input signal. 

If the input signal is present, the failure sensor remains 
at a logical “1* level. If the input signal should disappear 


for a time interval in excess of approximately 250 ns, the 
sensor output assumes a logical “0” level thus initiating a 
failure mode signal. The 250-ns decision time is estab- 
lished by a simple resistor-capacitor (RC) filter in the 
sensor output, which prevents switch operation on minor 
noise disturbances. 

The failure mode signal triggers a one-shot retrigger- 
able multivibrator circuit initiating the switching gate 
that gates off the primary signal channel and enables 
the secondary in its place. The transfer from primary to 
secondary signal, after primary failure, is accomplished 
in less than 400 ns. 

The one-shot multivibrator serves an essential func- 
tion by assuring that once a failure has been sensed and 
a transfer between standards effected, approximately a 
one-half second delay is required before the circuit can 
revert back to normal operation. This prevents the switch 
from chattering on an intermittent input signal. 

Average power sensing and switching are accomplished 
by measuring the primary input power with a signal 
level detector. If the input power remains above a pre- 
set level of approximately +9 dBm, the primary level 
sense signal remains at a logical “1.” If, however, the 
input level falls below this preset level, the prin.ary 
level sense signal assumes a logical “0” state initiating a 
switching gate to disable the primary channel and enable 
the secondary in its place. 

Level monitor logic is also designed to provide con- 
tinuous module status information to the CRG control 
and monitor panel. Input and output signal power levels 
are monitored in individual level detector circuits and 
are compared in an exclusive “or” circuit. If inputs are 
above the preset level of approximately 4- 9 dBm, output 
from ihe module must also be present and ai >ve 49 
dBm, or the module "output failure” signal will be 
initiated. If no inputs are present or they fall below the 
49-dBm level, outputs are not expected and only the 
“input failure” signals will be initiated. 

The TTL signals are filtered at the switch output to 
provide sine wave outputs, at nominal 50-ohm imped- 
ance, so that no changes to the existing FTS are required. 

IV. Status 

Documentation is complete and the first production 
model of the switch module has been built and tested 
Installation at DSS 14 will be accomplished as soon as 
the station operational freeze is lifted. 
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Fig. 1. System block diagram 


1 * MHz 
FREQUENCY 
STANDARD 
INPUTS 


SELECTOR 
SWITCH 
LOC 1C 



Fig. 2. Functional block diagram, 1-MHz clock reference switch 
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A Scaled-Time Telemetry Test Capability 
for Sequential Decoding 

S. Butman, J. Layland, and J. MacConnell 
Communications Systems Research Section 

R. Chernoff and N. Ham 

R. F. Systems Development Section 

J. Wilcl'er 

DSIF Digital Systems Development Section 


This article describes the motivation for ; and development u.xd initial testing o, 
a scaled- time telemetry test capability. The immediate need for this capability is 
to establish the sequential decoding performance of the data decoder assembly 
(DDA) for Helios and Pioneer, and the tests have been aimed at evaluating the 
suitability of the scaled phase-locked loop (PLLj for this task . The ,elevant 
parameters of limiter suppression , phase jitter variance , and phase jitter auto- 
correlation have been measured , and nc discrepancy was found between the 
Xl6-scaled PLL and the 12-Hz loo ** of the DSN receiver. Comparative sequential 
decoding tests have also been performed for 128-bit/s data; no discrepancy was 
found between scaled and unsealed performance at any modulation index , either 
near optimum or high (70 deg), where the carrier reference noise is dominant. 


I. Introduction 

The purpose of this article is to describe the experi- 
mental setup and preliminary results of a time-scaled 
simulation of a convolutionally coded, sequentially de- 
coded. coherent telemetry li nk. The need for such an 
approach arose when it became necessary to p le the 
Helios project as well as future Pioneer projec. with an 
accurate estimate of link performance and design trade- 
offs at medium data rates. Medium rates are by definition 
data idtes of the same order of magnitude as the band- 


width of the phase error process in the coherent reference 
signal, or more generally, data rates at which decoder 
memory is comparable tc the memory of the phase-locked 
loop. 

Such conditions arise at low received signal levels at 
end and post-end of missions and at stronger signal levels 
when transmission is contaminated by a turbulent medium 
like the solar corona, a planetary atmosphere, or during 
rapid descent of a probe. 
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Experimental performance estimation through simula- 
tion is necessary under the above conditions because 
accurate theoretical models of decoder behavior when 
the phase is net constant are not yet in existence (Ref. 1). 
The current si f decoding theory can accurately pre- 
dict decoder performance only when the phase is constant 
over many constraint lengths. Finally, scaling up of the 
simulations to a higher speed than under normal oper- 
ating conditions is necessary in orde** to accumulate the 
required amount of statistical data in a reasonable length 
of time. For example, to establish with reasonable confi- 
dence a bit error probability of 10 -5 requires about 
10 s bits. To gather this amount data at 100 bits/s would 
take over 10 days. Similarly, establishing a block erasure 
probability (decoder overflow) of 10~ 3 for blocks of 1000 
bits, would take 10 days. 


E b /N 0 = trfP/NoR 

PL = tt/ o 
f = aKri/ri 

= (1 + r)/r a (l - r Jr Tl ) 

and 

a = a(p H ) 

where 

pn = (1 m-)P 

m - sin 0, where 6 is the modulation angle 

Inserting the scaled parameters into the above formulas 
will verify that all the scale changes are achieved and the 
relative dynamics preserved where necessary. 


II. Scaling the Tests 

The block diagram in Fig. 1 depicts the system elements 
which require modification to provide a high-speed 
version of actual behavior at normal operating conditions. 
It is assumed that the front end noise is wideband, with 
a one-sided spectral density N ft . Primed variables denote 
scaled versions of the normal unsealed quantities, and x 
r 1 motes the scale factor. There are several ways to achieve 
the required scaling of the system dynamics. The method 
we selected may be described as follows: 


N' 0 = N 0 
: y r = xPr 
R' = xR 

ta L = Xtat 

/ =r 

a' = a 

cl;/ = Xu>n 


P’- = Pl 
F'JN'o = £ft/N 0 
m' = m 
u = tJx 
K' = xK 


Wideband noise level unchanged 

Total signal power scaled up 

Bit rate scaled up 

Loop bandwidth scaled up 

Damping ratio unchanged to pre- 
serve relative dynamics 

Limiter suppression factor unchanged 
to preserve relative dynamics 

Prefilter bandwidth increase required 
to maintain the same input signal-to- 
noise ratio (SNR) to the limiter for 
a' _ - a 

Loop SNR unchanged 
Bit SNR unchanged 
Modulation index unchanged 
Loop filter time constants reduced 
Loop gain increased 


The above quantities obey the following relationships, 
which are documented by Tausworthe (Ref. 2) 


Time-scaling of the subcarrier demodulator and symbol 
synchronizer assemblies (SDA and SSA) is accomplished 
through switch-selectable operating modes which match 
the actual (i.e., upscaled) data rates. Moreover, the losses 
in these assemblies are small and relatively insensitive to 
rate changes. 


III. Test Techniques 

The approach followed in evaluating the scaled -time 
telemetry test capability, must minimize the test time 
required to build confidence in the correctness of the 
scaled parameters* The first tests therefore measured the 
global static PLL parameters, limiter suppression a, and 
phase jitter variance tr£, at specific signal stre* j;ths and 
compared these measurements with published results for 
the 12-Hz DSN PLL. Dynamics of the PLL behavior 
also influence strongly the performance of medium-rate 
telemetry, necessi* "ting their measurement, in the form 
of the phase jitter . ^correlation function. In this case, 
both the 12-Hz DSN PLL and the scaled PLL had to be 
measured, as the desired parameters were not generally 
documented. 

The ultimate criterion for acceptance of the results of 
the scaled telemetry tests is, of course, the equivalence of 
measured telemetry performance in both normal and 
scaled-time modes. This is most economically used at 
the mid-range data rates only (e.g., 128 bits/s), where 
reasonable duration tests can define the system perfor- 
mance. The anticipated plan is to test at 128 bits/s over 
a set of modulation indices near optimum, and to spot- 
check many data rates at one very high modulation 
index. For each data rate checked in this fashion, the 
modulation index will be set sufficiently high for the 
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noisy carrier reference to be the dominant source of noise, 
and so that performance is poor enough to be mea- 
sured in reasonable time without scaling. The total re- 
ceived power level will be set high enough so that 
the desired 10~ 4 deletion probability could be achieved 
with a lower modulation index. A successful match of 
performance at the high mod-index will, of course, indi- 
cate that the noisy reference losses are correctly scaled. 
Since we be live that the additive receiver noises will scale 
correctly, successful high mod-index comparison should 
also indicate overall success of the scaled test setup. Some 
prior test data (Ref. 3) exist for normal-time testr of per- 
formance near the optimum mod-index which can be 
compared against the scaled tests to identify any un- 
expected errors in the scaling assumptions. 

No plans exist presently to test the scaled -time test con- 
figuration for uncoded telemetry'. Since performance of 
sequential decoding is very critically dependent upon 
the adjacent-symbol correlation of the carrier reference 
noise, correct scaled-time performance of sequential 
decoding almost certainly implies that scaled-time tests 
of uncoded telemetry will also be correct. Future users 
of the scaled-time test capability for uncoded data will, 
of course, have the option of accepting this hypothesis 
or performing whatever additional tests they might need 
to validate the scaled-time performance for uncoded 
telemetry. 

IV. The Scaled Loop Hardware Design 
and Initial Testing 

The preceding sections have shown that, by scaling the 
receiver 12-Hz loop bandwidth, statistical data on bit 
error rates can be obtained in a time inversely propor- 
tional to the scaling number N used on the receiver. It 
was decided to scale the /‘^ceiver loop bandwidth by 16, 
a factor which allowed a reasonable improvement in the 
speed of data acquisition without causing the data rates 
for the faster bit rates to exceed the capabilities of the 
telemetry decoding equipment. 

For the scaling number under consideration (16), it 
was necessary only to scale the tracking filter and the 
predetection filter. (If extremely high scaling numbers 
are used, it may be necessary to increase the bandwidth 
of the IF amplifiers). Since B L is being scaled, it can be 
shown that it is necessary to decrease r v by (N) 2 and r 2 
by N, where tx — R 2 C and t 2 = (R r + fl 2 )C in Fig. 2. For 
the case being evaluated (N = 16), t x becomes 9.887 s 
and r 2 becomes 8.5 X 10 -3 s. The hardware implementa- 
tion of the tracking filter consisted of modifying the 


values of R t , R 2 , and C in a standard DSN tracking filter 
module to provide the new time constants. The only 
other hardware modification required was the predetec- 
tion filter amplifier. The bandwidth (BVV) of this ampli- 
fier must be scaled (increased) by the scaling number N. 
For this test, the bandwidth was increased from the 
normal 12-Hz loop value of 2 kHz to the new value of 
32 kHz noise BW. The hardware implementation consists 
of a four-stage, synchronously tuned amplifier. (The gain 
of this filter amplifier must be the same as that of the 
normal amplifier in order not to disturb the automatic 
gain control (AGC) performance of the receiver). For 
future experiments, the predetection filter could be a 
commercial crystal filter. This would enable tighter con- 
trol of the bandwidth between units, as well as better 
bandwidth stability vs. temperature. The change 1 mod- 
ules are identified in Fig. 3. 

In order to verify that the receiver bandwidth had been 
properly scaled, several experiments were run. T nput 
carrier power was set for all tests by the Y-Factor Tecn- 
nique (Ref, 4). First, the limiter suppression (a) char- 
acteristic was checked by measuring carrier power at the 
limiter output vs. loop threshold margin. This measure- 
ment was performed by a coherent amplitude detector 
and vacuum tube volt meter (VTVM). The results of the 
test can be seen in Fig. 4. Ideally, the scaled and un- 
sealed a curves should be identical. If the a characteristic 
levels off at a lowe r margin in the scaled case, it would 
probably indicate an IF amplifier or limiter of insufficient 
bandwidth, or an insufficient noise bandwidth ip f he 
predetection filter amplifier. (If high-scaling numb rs are 
used, it may be necessary to increase the BW of the IF 
amplifiers. This will prevent their influencing the pre- 
detection bandwidth, which should ideally be determined 
solely by the predetection filter amplifier). Since the 
curves for the scaled and unsealed cases are nearly 
identical, it appears that the predetection filter is indeed 
the determined BW, as desired. 

The second test consisted of measuring the phase jitter 
(<ri) of the receiver voltage-controlled oscillator (VCO) 
as a function of margin. These data were obtained by 
employing the test translator as a signal source, and the 
UHF doppler detector as a dual phase detector, which 
allowed measuring the variance of the phase noise 
present on the VCO. The test configuration for this mea- 
surement is shown in Fig. 3. The UHF doppler signal 
(zero doppler + phase jitter) is phase detected against 
the station frequency standard. The phase shifter is re- 
quired to set the reference phase in quadrature (to enable 
phase detection), with either of the two signals being 
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phase detected in the dual phase detector. (The other 
signal is being amplitude detected.) For each data point 
(value of margin), both channels are sampled and 
recorded by the digital instrumentation system (DIS). 
The need for sampling both channels arises when a cycle 
slip occurs. For each cycle slipped at S-band, there 
appears a 90-deg shift in the phase at the UIIF doppler 
detector. (This is due to a X 4 multiplication between 
the point at which the UHF doppler is extracted and the 
S-band local oscillator output.) Therefore, if a cycle is 
slipped, the channel that was phase detecting is now 
amplitude detecting and vice versa. To prevent loss of 
phase data following cycle slip, both channels are 
recorded. When the tapes are processed, only the chan- 
nel that is phase detecting is used. From those data, the 
variance (ai) is calculated. As can be seen in Fig. 5, the 
data follow very closely those obtained with the normal 
12-Hz loop. This further indicates that the receiver seems 
to be properly scaled. 

The third test consisted of taking the autocorrelation of 
the phase jitter data. Each autocorrelation plot shows 
the time response of the loop at a particular margin. By 
plotting t from each of these plots vs. margin, a plot is 
obtained that illustrates loop response vs. margin. Figure 
6 is such a plot for both the scaled and unsealed loops. 
If the loop is properly scaled, the scaled loop will have 
a value of r equal to 1/S of the unsealed loop at each 
margin. For convenience, the time (r) scales of the two 
data sets shown in Fig. 5 are scaled by the scaling 
factor N. Therefore, the two curves will coincide if the 
loop is properly scaled. As can be seen, there is very close 
agreement between these two curves. 

The results of this group of three tests seem to indi- 
cate that the receiver loop bandwidth was indeed scaled 
the desired amount over the range of loop margins con- 
sidered. 

V. Telemetry Tests 

Testing of the scaled- time telemetry’ test capability 
using sequential decoding requires that several decoding 
test runs be performed using both the 192-Hz loop and 
the 12-Hz DSN receiver at identical (scaled equivalent) 
test conditions. To be convincing, these test runs must 
cover the range of data rates, SNRs, and modulation 
indices for which scaled tests are expected to be used. The 
scaling can be used at data rates of 256 symbols er 
second (SPS) (scaled to 4096 SPS) and lower. At scaled 
512 SPS (8192 SPS) and above, the data decoder assembly 
(DDA) cannot operate successfully. 


The test configuration for sequential decoding testing 
with scaling is shown in Fig. 7. It is identical to the con- 
figurations used for normal DSN testing of sequential 
decoding for Pioneer or Helios, except that the receiver 
modules for the 192-Hz loop are substituted for those of 
the 12-Hz DSN receiver PLL. The output from the test is 
a magnetic tape original data record (ODR) containing, 
for each data frame processed by the DDA, the number 
of decoding computations which were used in processing 
it. These ODR tapes are later analyzed off-line to deter- 
mine the cumulative distribution of computations, which 
is then used to evaluate system performance. In tht DSN 
station, the tests require the use of the simulation con- 
version assembly (SC A), the test transmitter, the antenna 
microwave assembly, the Y-factor assembly, a receiver 
and SDA, two telemetry/command processors (TCPs) 
with SSAs, and one DDA. The TCP-DDA-SSA string 
operates under control of nonstandard DSIF software — 
the DDA stand-alone-TCP verification program — and 
provides the ODR end-product of the tests. The second 
TCP-SSA string operates with the Mariner Mars 1971 
(MM71) Test Program No. DOI-5087-TI and acts as a 
monitor for the telemetry channel, to ver c v station setup 
accuracy and identify drifts in parameters. 

The SC A provides a pseudo-random t .ata sequence for 
the test transmitter. The subcarrier frequency used is 
32,993 Hz, and data rates of interest range from 16 to 
4096 SPS. The biphase-modulated subcarrier in turn 
phase-modulates the carrier at the test transmitter, with 
a modulation index which may vary from 35 to 75 deg, 
depending upon data rate and other factors. This simu- 
lated telemetry signal is then processed by the station 
receiving equipment, much like the signal from a space- 
craft. The “received” signal strength is set as required 
using the Y-fajtor measurement technique (Ref. 4) prior 
to the start of a test. The modulation indices are set by 
precision attenuators. Extreme care is required in this 
setup because of the sensitivity of decoding performance: 
the decoding erasure rate can vary by an order of magni- 
tude with a 0.5-dB change in signal strength. After setup, 
the Test Program 5087 output monitors channel statistics, 
and when stable operation of the receiver and SDA is 
observed, the TCP/DDA program is activated to develop 
the ODR of decoder performance. The format of these 
ODR tapes is shown in Fig. 8. 

Tests with the scaling test facility have been performed 
and the data analyzed for a real data rate of 256 SPS 
(scaled for 4096 SPS). The signal strength was set to that 
which would provide an ST f /N 0 of 2.7 dB at 45-deg 
modulation index for both scaled and nonscaled tests. 
This value will produce an erasure rate of between 10~ 3 
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and 10 -4 at the optimum modulation index. Figure 9 
shows the results of tests at several modulation indices. 
The computation distribution curve shown is a rather 
sensitive measure of channel behavior. The minor differ- 
ences bet ween comparable curves are well within the set- 
up tolerance on the system, believed to be on the order of 

O.i dB. The high mod-index cur es (70 deg) are interest- 
ing in that the carrier reference losses are the dominant 
noise source at this point. If the carrier reference losses 
failed to scale properly, we would expect it to be evident 
from these curves; since there is agreement, we conclude 
that the scaling of the 256-SPS data rate is successful. We 
expect this success to be repeated at lower data rates, but 
tests must yet be performed, lest some unexpected inter- 
ference signal, or some other nonscaled or nonscalable 
artifact of the DSN receiver/SDA/SSA systems, contrib- 
ute a larger than expected share to the telemetry system 
losses. 

VI. Summary and Future Plans 

This article has described the motivation for, and devel- 
opment and initial testing of, a scaled-time telemetry test 


capability. The immediate need for this capability is to 
establish the sequent ia T decoding performance of the 
DDA for Helios and Pioneer, and the present tests have 
been aimed at evaluating the suitability of the scaled 
PLL for this task. The relevant parameters of limiter 
suppression, phase jitter variance, and phase jitter auto- 
correlation have been measured, and no discrepancy was 
found between the X 16-scaled PLL and the 12-Hz loop 
of the DSN l^ceiver. Comparative sequential decoding 
tests have also been performed for 128-bit/s data; no 
discrepancy was found between sea, ! and unsealed per- 
formance at any modulation index, either near-optimum 
or high (70 deg), where the carrier reference noise is 
dominant. 

Further testing will be performed of the scaled-time 
telemetry test capability, and productive use made of it, 
at DSS 71, where long-duration tests are in progress to 
establish DDA performance. At each of the Helios data 
rates where scaling can be used, a very high modulation- 
index comparison test will be run to verify the scaling of 
noisy reference losses before the planned tests of several 
mod-indices and power levels are run. 
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NCS Standard Computer Interface Hardware, 
Its Timing and Timing Control Logic 

T. 0. Anderson 


This article describes the Network Control System (NCS) Standard Computer 
Interface hardware , including the interface cable , the line drivers , line receivers 
and line terminating network. It describes in considerable detail the timing 
specifications for the interface timing control signals for continuous data transfer 
as well as for asynchronous byte transfer. A set of control logic which complies 
with these timing specifications has been designed for and successfully checked 
out in connection with the Star Switch Controller (SSC). This control logic , which 
includes synchronization and noise filter operations, is described in detail . Trans- 
fer rates for variable able lengths are listed . 


I. Introduction 

The NCS standard computer interface hardware con- 
tains 14 parallel data-transmission lines. Eight of these 
lines are data lines, four are timing and control lines, 
and two are function lines (see Fig. V 

Of the interface timing control lines for asynchronous 
data transmission, two are unidirectional request Iine~>, 
one in each direction; one is a bidirectional half -duplex 
response line; and one is a bidirectional half -duplex ready 
line. The linear bit operation of these lines and the 
operation of the control logic to perform these operations 
is specified in detail. The control logic synchronizes the 
input signals to the local service clocks, and filters out 
spurious noise pulses of short duration. Both the control 


logic and its operation are described in detail, as are the 
cable, line drivers, receivers, and line termination. 

II. Cable, Drivers, Receivers, and Line 
Termination 

The NCS standard interface cable is a twisted pair 
cable, with line drivers and line receivers, as shown in 
Figs. 2 and 3. r i ne cable itself is shown in Fig. 4. AU con- 
nectors, physically and functionally, mate with connec- 
tors such os that shown in Fig. 4. Pin assignments for the 
timing control lines, data lines, and function lines are 
also shown in Fig. 4. (Figures 2, 3, and 4 are taken from 
jPL Specification ES50S534 A, May 1973, a JPL internal 
da T;t.) 
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As shown in the figures, twisted pair, # 22-gauge, 100-ft 
lines are used. The drivers are 7438 open collector, high 
current TTL-buffer, 2-input NAND-gates, and the re- 
ceivers are regular 7400 NAND inputs. Both ends of the 
lines are terminated with 150 ft to +5V and 330 ft to 
ground. The common term is terminated on the GND pin 
of the driver and receiver chip, respectively. 

III. Signal Sync and Noise Filter 

In order to combat noise and to synchronize the inter- 
face timing control signals with the internal service clock 
of the computer, a signal transition is recognized only 
upon the second consecutive sample of the internal clock. 
This specification is valid for transitions in either direc- 
tion. Stated differently, a single noise pulse of either 
polarity of a duration of less than two clock periods 
occurring at any time will have no effect on the true 
operation of the line receiving logic. 

IV. Timing Control Line Operation 

Figure 1 shows the selected set of computer interface 
timing control lines together with eight data lines. The 
request-to-transmit line is unidirectional, while the return 
response and data lines are half -duplex bidirectional. 
Fo* rid tectional communication, two request-to-transmit 
lines are theft required, one in each direction, as shown. 
Fiacre 5 k a simple block diagram and timing chart 
which show the detailed operation of the timing control 
lines The .1 me sequence for the various control lines, 
which is npeated for each linear bit or parallel byte, is 
listed as fo lows; 

(1) An ovtbound request line is asserted by the trans- 
mitting device. 

(2) The assertion of an inbound request line is sampled 
and synchronized by the recipient device. 

(3) The synchronized inbound request signal causes 
assertion of the outbound return response line. 

(4) The return response line inbound to the transmit- 
ting device is sampled and synchronized and 
causes assertion of the outbound ready line. 

(5) The ready signal inbound to the recipient device 
is sampled and synchronized, and used to form a 
data-strobe pulse for sampling the received data. 

(6) Upon sampling the received data, the inbound 
ready signal is used to turn off the outbound 
response line. 


(7) Turnoff of the outbound response line will in turn 
cause turnoff of the inbound ready line. 

(8) Turnoff of the inbound ready line will again cause 
the outbound response line to turn on, conditional 
on the request line being on, for receiving of the 
next character. 

(9) At the end of a block transmission, the request 
line is turned off bv the transmitting device simul- 
taneously with the ready line, outbound from the 
transmitting device, for the last character being 
turned on. 

A. Control Logic Operation 

The operation of a signal synchronizing and noise 
control receiving register for the transmission interface 
timing control signals, in general, and for the ready line 
register, in particular, is specified as follows: 

(1) A signal change is recognized only if the signal 
remains in its new state for two consecutive clock 
periods after the signal has remained in its prior 
state for at least two clock periods. 

(2) A data strobe will be generated only for a unidirec- 
tional change of the input signal. 

(3) Once a data-strobe pulse has begun to form, it will 
be completed independently, and the fact that it 
was completed will be independently reported. 
Independently, as used here, implies independence 
of what is happening on the input signal line. 

(4) A noise spike of either polarity of a duration less 
than two clock periods occurring at any time must 
not be the cause of a double data-strobe pulse, nor 
should such a noise spike interrupt the forming o* 
a data-strobe pulse or the subsequent report signal 
that a data-strobe pulse was formed. 

B. Request Line Sync Register 

Figure 6 shows the interface timing control logic. The 
logic is implemented with a SN5495 universal 4-bit, shift- 
right, parallel-load register with no additional gating. 
The input signal is used as a mode control and the 
parallel entries are connected so that the register, when 
it is in the parallel load mode, will shift left. The shift- 
right/shift-left data entries are fixed-wired as “1” and 
“0," respectively. The desired output level is achieved 
by correlating the input mode control signal with the 
fixed wired data inputs; e.g., SR = 1, SL = 0, or vice 
versa. 
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The output of stage C will change state only if the 
output line has been stable for two consecutive clock 
pulses, as described. This is true for transitions in either 
direction, and it is true in general. There are however, 
two special cases in which it is not true, and that is if the 
line reverses again between the first and second or the 
second and third clock pulses following a transition. 
The probability of this special case occurring is deemed 
exceedingly low. The output from stage B is used directly 
as the response term, conditional only on a ready register 
term. The reason that the direct connection is acceptable, 
as opposed to the use of an intermediate storage device, 
is that when the request line is turned off at the same 
time that the ready line is turned on, for one character 
transfer or for the last character in a block, the turnoff 
of the response line, which in turn causes the ready line 
to turn off, occurs at the same time that the data-strobe 
pulse begins to develop. The request line register and 
the ready line register are connected in much the same 
manner. Furthermore, if the same type of interface logic 
is used at both the transmitting and receiving ends, there 
is the added sync delay at the transmitting end between 
its inbound response line turnoff and the time that its 
outbound ready line is turned off. Stated differently, the 
request line turns off the response line, which in turn 
turns off the ready line. Whether it is for a single char- 
acter transfer, or for the last character, ihe response line 
is turned off sooner than for a character within a block, 
where it is turned off at the end of the data-strobe pulse. 
The ready line is still turned off one clock period later 
than completion of the data-strobe pulse. 

C. Ready Line Sync Register 

As shown in Fig. 6, the ready register is connected to 
shift right in either of its modes. The parallel load entries 
are connected to shift right; however, with certain modi- 
fications. The input signal is used as mode control; the 
data entry for shift right in the serial mode is a fixed 0 
and for shift right in the parallel-load mode a fixed 1. 
By shifting in one direction only, the vector that gen- 
erates the data strobe is automatically generated for a 
unidirectional signal change only. The external gating 
shown in Fig. 2 is intended primarily to prevent one- 
clock-period noise pulses from generating or regenerat- 
ing the strobe pulse, or to interfere with its forming, or 
with the reporting of its having been formed. 

As shown in the truth table (Fig. 7), the strobe pulse 
condition is ABC and the strobe pulse completion report 


condition is BC, both of which can occur only for the 
specified conditions. In relation to the truth table, die 
ready register connection shown in Fig. 2 is derived 
from the following arguments: When the input signal 
is a 1, a 1 is entered to the shift-right connected entry of 
the register. When the signal is a 0, a “0” is entered to 
the serial input of the internally connected shift-right 
register. The content in B is always entered to C, while 
the entry to B is a function of the signal and the content 
of the register. The signal is the mode-control term, and 
when it is 0, the shift register is internally connected for 
shift right. What is in A will, in this mode, always be 
shifted to B. When the signal is a 1, a “1** is entered to the 
input of the shift register, which in this mode is con- 
nected externally to shift right to allow for vector modi- 
fication. Thus, in this mode, what is in A is shifted into 
B in all instances except one: the Oil condition, in which 
case, a 1 is entered to B instead of the 0 in A. 

D. Response-Ready Register Time Share 

The response and ready lines are both bidirectional 
but are always energized from opposite ends; the request 
line is always energized first and the response line sec- 
ond. This allows time-sharing a single synchronizing 
receiving register between these two lines, as shown in 
Fig. 8. (Figures 1, 5, 6 7 and 8, are taken from JPL 
Specification ES508535 A, Appendix, a JPL internal 
document.) Also shown in the figure are the steering 
gates for time-sharing of the readv-response register 
through the synchronized request line. The same line is 
also used for added interlock of the outbound response 
line and the outbound ready line. 

The control logic described here is duplicated in each 
end of a transmission path. 

V. Data Transfer Rates 

The bit transfer rate for different length cables has 
been tabulated using the type of interface described 
here, where the assertion and/or release of a line is 
recognized only on the second clock pulse of an internal 
5-MHz service clock, and using identical interface logic 
at both ends, with individual service clocks (Table 1). 

A cable delay of 5.90 ns/m is used, and a double round- 
trip per byte for continuous transmission is considered. 
The cable length has been limited to 152.4 m so that the 
signal attenuation will not cause a marginal operation. 
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Table 1. NCS standard computer interface transfer 
rates for various cable lengths* 


Cable length, 

Maximum reliable data transfer rate 
in kilobytes/s 

3,05 

530 

15,24 

460 

30.48 

400 

60.96 

310 

152.4 

185 

“Asynchronous internal 

serv ice clocks of 5 MHz at each end. 
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Fig. 1. NCS standard computer interface hardware lines 



RECEIVER WITH I No. 22 GAUCE j DRIVER WITH 

TERMINATING , TWISTED PAIR j TERMINATING 

RESISTORS I Z Q - 100 II l RESISTORS 


Fig. 2. NCS standard computer interface unidirectional 
tine driver/receiver configuration 
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Fig. 3, NCS standard computer interface bidirectional 
line driver/ receiver configuration 





FRONT VIEW 
OF PIN INSERTS 


NOTE: 

1. WIRE MIL-W-16878 TYPE E, AWG 22, TWISTED PAIR 

2. CABLE CONNECTIONS ARE PIN TO PIN 

3. OVERALL SHIELD DRAIN WIRE TO PIN A 

4. FABRICATE CABLE PER JPt DRAWING 9457159 
(JPL INTERNAL DOCUMENT) 


Fig. 4. NCS standard computer in jrface cable connector and pin assignment 
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Fig. 5. NCS standard computer interface timing control 
tine, logic, and timing diagram 
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Fig. 6. NCS standard computer interface, basic interface 
timing control logic 
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Fig. 8. NCS standard computer interface timing control logic including interlock and time share 
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High-Speed Data Outage Distribution 

J. P. McClure 

DSIF Digital Systems Development Section 


The outages experienced on the present Ground Communications Facility ( GCF ) 
4800-bits /s high-speed data ubsystem have been examined. An outage is defhu i 
as any interval when 10 or more consecutive high-speed data (HSD) blocks were 
received in error or were not received at all For a 3-month period in 1973 , outages 
ranged from 2.5 s to 4.8 h in length. The median outage was 15 s. Approximately 
16% of the outages exceeded 1 min, and only 1.5 % exceeded 15 min duration. 


I. Introduction 

The GCF provides high-speed data transmission at a 
rate of 4800 bits/s, using NASCOM circuits and Western 
Electric 203A data sets. Data are divided into 1200-bit 
blocks, transmitted at four blocks per second. If no data 
are available for transmission, the GCF generates and 
sends filler blocks in order to keep the circuit active and 
provide block synchronous operation. Before transmission, 
an error detection code is calculated and included in the 
block. At the receiving end, a GCF decoder checks the 
received code and sets status bits if transmission errors 
are present. If blocks are not received at all, the decoder 
goes out of lock (into search) for an integral number of 
block times until flow is re-established. The receive data 
set carrier failure signal also comes on dur.ng local circuit 
failures. 

The information available from the GCF decoder has 
been studied to determine the distribution of the outages 
experienced in the data forwarded from the DSSs to JPL. 


II. Outages 

For this study, an outage was defined as any interval 
when 10 or more consecutive HSD blocks were received in 
error or not received at all. Intervals of less than ten blocks 
were considered to be error bursts. This definition is a bit 
arbitrary; however, 10 block times (2 U : is an improbably 

long error burst, hence there is some justification for this 
choice. 

For outage study purposes, slightly less than three 
months of 1973 data were analyzed. These data were col- 
lected from the normal HSD operational circuits during 
regular tracking passes. No attempt was made to sort the 
data, though some data reflecting equipment malfunctions 
were discarded. 

Outages ranged from 1C blocks (2 Vi s\ to 17,513 blocks 
(4.8 h) in length, with long outages being in the minority. 
Table 1 lists outage parameters for each of the DSS geo- 
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graphical areas, plus a total of all four DSS areas. Infor- 
mation on the performance of the Ames-JPL circuits is 
also hown. 

As indicated in the tabulation, the median outages 
ranged from 58 to 63 blocks (14.5 to 15.75 s), a very close 
span considering the widely different transmission dis- 
tances involved. 

III. Distribution 

The outage distribution for the combined DSSs is shown 
in Fig. 1. On this plot, the abscissa indicates the percentage 
of the outages which had lengths equal to or less than the 
X-eoordinate value. For instance, 71% of the outages were 
100 blocks or less in length. 


The abrupt breaks in the curves in the 30- and 50-block 
areas are caused by data set retrain characteristics. When 
a high data error rate condition occurs, the transmit and 
receive data sets interrupt the data flow and perform an 
internal readjustment sequence to compensate for changed 
circuit conditions. These interruptions cause data outages. 

The GCF has a current commitment to restore service in 
15 min or less. As measured, only 1.5% of the outages ex- 
ceed 3600 blocks (15 min). In fact, only 16% of the outages 
exceed 1 min (240 blocks). A different definition of an 
outage would vary these findings; however, the GCF is 
definitely meeting its restoral commitment. 

A future report will discuss the burst characterises of 
faulty blocks. 
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Table 1. HSD outage data and distributions 



Canberra 

Madrid 

Goldstone 

Johannesburg 

Ames 

DSS Total 

Blocks transmitted { X 10 6 ) 

18.588 

11.242 

19.571 

10.810 

45.771 

60.211 

Circuit, days 

53.8 

32.5 

56.6 

31.3 

132.4 

174.2 

Outages (^10 blocks) 

375 

163 

94 

246 

142 

878 

Average interval between outages, h 

3.44 

4.79 

14.4 

3.05 

22.4 

4.76 

% outages exceeding 1 min 

13.3 

18.4 

18.1 

15.9 

16.2 

16.3 

% outages exceeding 5 min 

2.1 

3.1 

5. i 

4.1 

3.6 

3.7 

% outages exceeding 10 min 

1.1 

0.6 

3.2 

1.3 

2.1 

1.7 

% outages exceeding 15 min 

0.6 

0.0 

3.2 

1.3 

2.1 

1.5 

% outages exceeding 30 min 

0.3 

0.0 

LI 

0.8 

0.0 

0.65 

Outages exceeding 1 min 

50 

29 

17 

40 

23 

136 

Outages exceeding 5 min 

8 

5 

5 

10 

5 

28 

Outages exceeding 10 min 

4 

1 

3 

2 

3 

10 

Outages exceeding 15 min 

2 

0 

3 

2 

3 

10 

Outages exceeding 30 min 

1 

0 

1 

1 

0 

3 

Outage blocks 

69829 

31996 

46475 

57434 

31485 

237219 

Outage duration 
Average, blocks 

186.2 

196.3 

494 

233 

221 

270 

Average, s 

46.6 

49.1 

123.6 

58.4 

55.4 

67.5 

Median, blocks 

58 

63 

62 

59 

34 

60 

Median, s 

14.5 

15.7 

15.5 

14.7 

8.5 

15 
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Planetary Ranging 

R. W. Tappan 

DSN Data Systems Development Section 


The planetary ranging assembly (PRA) determines the range , or distance y to 
spacecraft that a»e travelling at planetary distances from Earth by measuring the 
time required for a radio signal to travel to the spacecraft and back . The range 
data are used to improve the accuracy of the calculation of the spacecraft’s orbit 
and to provide information concerning the charged particle content of space . 

The PRA is able to operate at the reduced signal levels because of improvements 
in the method of maintaining coder lock and detecting the signal in- the presence 
of space noise . It is capable of operation with either S-band or X-band carrier 
frequencies and offers selectable code types to enable each project to specify the 
operating mode best suited to its particular mission. 


The planetary ranging assembly was installed in the 
Deep Space Instrumentation Facility (DSIF) to support 
Mariner Venus Mercury 1973 and subsequent planetary 
missions. The PRA installation was necessary because 
the Mark 1A lunar ranging cannot operate at the signal 
levels received from spacecraft traveling at planetary 
distances. The range data are used to improve die space- 
craft orbit prediction and to provide information concern- 
ing the charged particle content of space in the path 
between the ground station and the spacecraft. 

The planetary ranging assembly contains digital hard- 
ware that performs special control and date. collecting 
functions and a small general purpose computer that 
handles scheduling, computation, and data formatting. 

The PRA is part of a ranging system that measures the 
round*trip time of a radio signal which travels from a 
ground tracking station to a spacecraft and back. A coded 


signal is modulated on an S-band carrier and transmitted 
to the spacecraft, which detects ai.«J retransmits the signal 
to the tracking station. The signal received at the tracking 
station is delayed in time by its round trip through space 
and is shifted in frequency by the doppler effect because 
of the relative motion between the spacecraft and tracking 
station. The delay is measured by synchronizing a local 
model of the code with the transmitted code and then 
shifting it into alignment with the received signal. In order 
to detect alignment between the local code (receiver code) 
and the received signal, it is necessary to clock the receiver 
coder at the same bit rate that is present on the received 
signal. This is accomplished by adding the frequency 
offset due to the tippler effect to the clock frequency of 
the transmitted signal. The doppler signal derived from 
the S-band carrier is scp’ 1 ond used for this purpose. 
Although the scaling is exact, there is a slow drift between 
the receiver coder and the received signal because the 
carrier and the modulation are not delayed by the same 
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amount when they pass through a medium containing 
charged particles. This difference, called differenced range 
vs integrated doppler (DRVID), is measured and output 
as a data type. 

The PRA operates at much lower received signal levels, 
and therefore at greater distances, than the lunar ranging, 
primarily because it is implemented to use the carrier 
doppler signal to keep the receiver coder in step with the 
received signal, rather than extracting the coder clock 
directly from the signal. Performance has also been im- 
proved by optimizing the ranging code to improve the 
efficiency of detection, and employing a computer to 
numerical ly average the received signal and thus extend 
the signal range over which useful information can be 
recovered. 

The elements of the PRA that communicate with the 
computer do so using the DSIF Standard 14-line inter- 
face. This computer interface is designed to transfer data 
reliably over relatively long distances in the electrically 
noisy environment of the tracking station. The use of a 
standard interface makes the equipment design indepen- 
dent of the computer assigned to it and enables equipment 
configurations to be changed more easily. 

The PRA provides capability for ranging with either an 
S-band receiver or an X-band receiver by using the dop- 
pler signal from each receiver to generate a clock signal. 
Either of these clocks may be selected to drive the receiver 
coder; the other one automatically drives a clock generator 
which permits measurement of DRVID only using the 
receiver not selected for ranging. 

A fixed-frequency relationship must exist between the 
transmitter coder frequency and the S-band carrier in 
order for the doppler rate aiding scheme to be workable. 
The same reference frequency that drives the S-band ex- 
citer is used to generate the transmitter coder, making the 
ratio between the carrier frequency and the transmitter 
coder frequency a fixed ratio of 1/2048. The clock that 
drives the receiver coder is derived in a similar manner, 
except that the doppler adder adds the doppler frequency 
offset, properly scaled. A doppler signal to which a bias 
reference frequency has been added is used to avoid the 
cycle detection problems encountered near zero-frequency 
doppler. The bias is removed digitally by the doppler 


adder. High-frequency logic is required to implement the 
doppler adder, since additions and subtractions must be 
performed at an intermediate frequency (66 mHz) to 
minimize the phase jitter introduced in the receiver coder 
by the stepwise adjustment of its clock phase. The inter- 
mediate frequency is the highest frequency compatible 
with the high-speed logic used. 

The transmitter and receiver coders generate both con- 
tinuous spectrum and discrete spectrum codes. The code 
type to be used for the acquisition is selectable at the 
beginning of each ranging acquisition to enable each proj- 
ect to specify the code type best suited for its particular 
mission. The continuous spectrum code is a pseudo-noise 
code composed of six components which are combined 
into a composite code that is transmitted continuously to 
the spacecraft. The code power at any one frequency is 
small, minimizing the possibility of interference with 
other spacecraft operations; however, only a fraction of 
the total code power is available to align each of the 
individual components. The discrete spectrum code is 
composed of 20 square waves whose frequencies range 
from approximately 500 kHz to approximately 1 Hz. Each 
of the frequencies is sequentially transmitted to the space- 
craft, so that the total code power is available to align it. 
The discrete spectrum code can therefore be used at 
lower received signal levels than the continuous spectrum 
code. The possibility of interference with other spacecraft 
operations has been reduced by mixing all components of 
this code with the highest frequency component. 

The planetary ranging assembly was installed in the 
DSIF to provide range and DRVID data from spacecraft 
traveling at planetary distances. The measurement of 
range is used to improve the prediction of the spacecraft's 
orbit, and the DRVID data disclose information concern- 
ing the charged particle content of space. 

Ranging at planetary distances is possible because of 
the performance improvement resulting from the incor- 
poration of doppler rate aiding, code optimization, and 
numerical averaging of the received signal. 

The PRA incorporates the flexibility necessary to sup- 
port future missions by providing both continuous and 
discrete spectrum codes which may be used with either 
S-band or X-band carriers. 


266 


JPL TECHNICAL REPORT 32-1526, VOL. XIX 



Bibliography 


1. Tausworthe, R. C., “Ranging Measurement/’ in Supporting Research and Ad- 
vanced Development , Space Programs Summary 37-42, Vol. Ill, Jet Propulsion 
Laboratory, Pasadena, Calif., Nov. 30, 1966, pp. 52^56. 

2. Tausworthe, R. C., “Communications Systems Development Minimizing Range 
Code Acquisition Time/’ in Supporting Research and Advanced Development , 
Space Programs Summary 37-42, Vol. IV, Jet Propulsion Laboratory, Pasadena, 
Calif., Dec. 31, 1966, pp. 198-200. 

3. Martin, W. L., “Special Equipment for Mariner Venus 67 Ranging System,” in 
Supporting Research and Advanced Development , Space Programs Summary 
37-48, Vol. Ill, Jet Propulsion Laboratory, Pasadena, Calif., Nov. 30, 1967, 
pp. 63-67. 

4. Lushbaugh, W. A., “Mariner Venus 67 Ranging System Digital Rack,” in The 
Deep Space Network , Space Programs Summary 37-50, Vol. II, Jet Propulsion 
Laboratory, Pasadena, Calif., March 31, 1968, pp. 56-61. 

5. Goldstein, R. M., “Ranging With Sequential Components,” in The Deep Space 
Network , Space Programs Summary 37-52, Vol. II, Jet Propulsion Laboratory, 
Pasadena, Calif., July 31, 1968, pp. 46-49. 

6. Martin, W. L., “A Binary-Coded Sequential Aequirition Ranging System,” in 
Th Deep Space Network , Space Programs Summaiy 37-57, Vol. II, Jet Propul- 
sion Laboratory, Pasadena, Calif., May 31, 1969, pp. 72-81. 

7. Lindley, I. P., The PN Technique of Ranging as Applied in the Ranging Sub- 
system Mark /, Technical Report 32-811, Jet Propulsion Laboratory, Pasadena, 
Calif., Nov. 15, 1965. 

8. Planetary Ranging Assembly Functional Requirements Document, FM509136, 
Sept. 27, 1973 (JPL internal document). 

9. Planetary Ranging Assembly Technical Manual , TM509201, Sept. 15, 1973 
(JPL internal document). 


JPL TECHNICAL REPORT 32-1526, VOL. XIX 


167 




Fig. 1. Planetary ranging block diagram 
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Adjustable Tuner for S-Band High-Power Waveguide 

J. R. Loreman 

R. F. Systen s Development Section 


As part of an effort to reduce the DSN transmitter backpmrer at DSS 14 > an 
adjustable S-band waveguide tuner for use at 400 kW has been developed. The 
tuner will be used to improve the match of the transmitter waveguide to the 
antenna feed system at DSS 14 in an effort to reduce transmitter back power at 
certain operating frequencies caused by high voltage standing wave ratio (VSWR) 
in the feed. 


Because of various waveguide modifications to the 
transmitter waveguide run at DSS 14 (Ref, 1), the wave- 
guide match of the run has changed, causing high trans- 
mitter back power. Measurements have been conducted 
in an effort tn determine the corrective measures re- 
quired (Ref. 2). The measurements, as well as reports by 
operating personnel, indicated that the S-band polariza- 
tion diversity (SPD) cone configuration in particular 
requires an effort to reduce back power at certain oper- 
ating frequencies. Figures 1 and 2 show the voltage 
standing wave ratio plot of the waveguide from the DSN 
transmitter through the SPD cone in right circular polar- 
ization (RCP) and linear polarization. Calculated back 
power for each VSWR has been included on the charts. 

Further measurements have been made at DSS 14 to 
determine the effect of a waveguide tuning section on 
the VSWR. The tuning section used was a low-power 
broad wall vane type tuner and, though not of a design 
applicable to high microwave power, its characteristics 
approximate deflection of the broad waveguide wall, a 


technique frequently used for tuning of high-power 
waveguides. Figure 3 shows the rratch at low power 
through the SPD cone in linear polarization, with the 
tuner at the transmitter input to the waveguide. The 
effect on the VSWR with respect to frequency is ap- 
parent when this figure is compared with Fig. 2. From 
the testing, it was apparent that a simple tuner based 
on the controlled deflection of the waveguide broad wall 
would probably have sufficient tuning effect to reduce 
the VSWR of the SPD cone configuration to approxi- 
mately 1.12 across the band of 2110 to 2120 MHz. The 
advantages of such a tuner are simplicity; direct a T plica- 
tion to the high-power configuration, as the tuner could 
be easily water-cooled; small size, as no auxiliary cavities 
would be required; and simple mechanical design. The 
main disadvantages are felt to be a limited frequency 
effect and limited retuning capability due to work- 
hardening of the copper waveguide. Both of these dis- 
advantages may be crucial to the acceptability of such 
a simple design, as the changing of any one of the major 
reactive components in the waveguide run or cone will 
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require retuning, and the complex nature of the mis- 
match may require several tuners of this type. For these 
reasons, a parallel tuner development based on the cou- 
pling of a waveguide section to an adjustable cavity 
through the narrow wall is being pursued (Ref. 3). 

Based on a simple waveguide broad wall deflection 
scheme, a prototype adjustable tuner has been designed 
and fabricated (see Fig. 4). The broad walls have been 
machined to approximately 0.25 cm to minimize work- 
hardening of the copper wall, and water-cooling ducts 
are provided on both narrow walls. The mechanism 
allows bidirectional deflection of both waveguide broad 
walls. Waveguide structural rigidity is provided by both 
the water-cooling ducts and the stainless steel deflection 


bars. Laboratory tests indicate that the tuner can ue 
adjusted from a VSWR ot 1.01 to 1.15 up to four times 
before the copper waveguide w alls begin to visually show 
work-hardening. Thus, it appears more tuning flexibility 
may exist than was expected. The prototype tuner has 
been operated at a power level of 400 kW for several 
hours with no heat buildup on the thinned broad walls 
of the waveguide. It appears that the tuner at its present 
level of development may be operationally installed. 
Several additional tuners have been fabricated, and one 
tuner will be installed at DSS 14 in the 400-kW radio 
science transmitter waveguide run to the SPD cone in 
January 1974. Based on the results of this installation, 
the tuner may be installed in the DSN high power trans- 
mitter waveguide run on an interim basis. 
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Fig. 1. VSWR 400- kW transmitter through SPD cone (RCP) 
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Fig. 2. VSWR 400-kW transmitter through SPD cone 
linear polarization, 359 deg) 
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Fig. 3. VSWR 400-kW transmitter through SPD cone, 
vane-type tuner installed 
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X'Band Antenna Feed Cone Assembly 

R. W. Hartop 

R. F. Systems Development Sectio.i 


The new X-har*. feed cone assemblies for the DSN 64-m antenna stations are 
tinder construction . The feed subassemblies have been completed , and other 
progress to date is reported. 


In upport of Viking and future prcjccts, the DSN 
must provide fim X-band signal reception at the three 
existing 64-m antenna stations. The d^ign of a new 
feed cone assembly for this purpose was described in 
Ref. i. 

The feed subassemblies for the three cones have now 
been completed and are shown in Fig. I. The top plate, 
which s°a! the cone opening an^ supports the feed 
without additional members, ic shown resting on a 
wooden frame that serves as * storage and trar exportation 
enclosure. 

Not yet mounted on H v eed assembly is the X-band 
waveguide switch to select either the feed o r a calibrated 
load for the traveling wave maser. Its hunting plate 
may be seen at the lower end of the feed. 

The lowest conr K>nent in Tie feed, wl. will attach 
directly to the waveguide switch, is d j circular-to- 
rectangular waveguide transition. * r his uniform transition 
is formed by electron-discharge machining of a solid 


copper forging with a tool like that shown on the righl 
in Fig. 2. 

The tool illustrated is a forming tool that ; s a copy of 
a master tool generated on a programmed machine. 
Several of these tools are used as electrodes to form a 
transition mch as the aluminum test piece also shown 
in Fig. 2. The transition, when finished, is 10.16 cm 
(4.000 in.) long and uniformly transforms a 3.477-cm 
(1.389-in.) diameter circular w r avvguide into a 3.175 X 
1.587 cm (1.250X0.625 in.) rectangular waveguide. 

The next section above tr.e transition is a circular 
waveguide section that serves as a higher-mode control 
between the transition and polarizer, which is the third 
section. Both components are made from solid coppei 
forgings, the polarizer by electron-discharge machining, 
and the circular waveguide section by conventional 
machining. 

The polarizer is a quarter- wave plate design and is the 
same r? that used successfully in the Operax.onal Time 
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Sync Microwave Subsystem (Ref. 2), except for dimen- 
sional scaling to this frequency band. 

Tin fourth waveguide section is another circular wave- 
guide spacer identical to the second section. Besides 
pro\ iding additional mode control, these two spacer sec- 
tions, totaling 20 - >2 cm (8 in.) in length, will provide for 
future modifications in the feed without greatly increas- 
ing its length. For example, rotary joints for the polarizer 
could he added without changing the overali length by 
substituting shorter spacer sections along with die new 
rotary joints. 

The feed horn is fabricated in four sections, of which 
the top three are aluminum for weight reduction and 
cost savings, and the lower section (seen with a support 
clamp in Fig. !• is OFHC copper. The horn is otherwise 


identical to that in the Time Sync System (Ref. 2), except 
that the horn throat was not modified. Thus, the 3. 477 -cm 
(1.369-in.) diameter circular waveguide is maintained 
throughout the feed 

The voltage standing wave ratio (VSWR) of one of the 
feed assemblies, complete with the transition, is shown 
in Fig. 3 over a wide bandwidth. The actual operation of 
these feeds in the near future will be over a narrow 
band near 8400 MHz. 

The internal floors and ladders for the cone assemblies 
haw been fabricated, along with various brackets and 
panels. Assembh of these parts and the feed subassem- 
blies into the cone shells has begun, with completion 
scheduled before the end of the first quarter of calendar 
year 1974. 
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Variable S-Band High-Power Tuner 

H. R. Buchanan 

R. F. Systems Development Section 


A variable , high-power waveguide tuner that can be remotely controlled is 
being developed. Satisfactory operation at a 400-kW power level is the goal . 
Progress to date is reported. 


I. Introduction 

Recent measurements of the DSS 14 transmitter wave- 
guide installation (Ref. 1) have emphasized the need for 
a compact tuning device that can be used at strategic 
points in the waveguide system to improve the match. 
This device must operate at 400 kW and have the capa- 
bility of correcting a mismatch in the order of 1.10 to 

I. 15 voltage standing wave ratio (VSWR). A manually 
adjustable device that can be retuned a limited number 
of times has been developed for the immediate need 
(Ref. 2). This report describes a longer range develop- 
ment of a variable tuner that can be adapted for remote 
control and, if required, programmed control. 

II. Theory of Operation 

The microwave circuit of the vari?Sle tuner is depicted 
in Fig. 1. A poition of the main WR 430 waveguide sig- 
r % is coupled to an H-plane arm terminated in a variable 
position short. The short is a movable, noncontacbng 


type u ith a restricted range of motion to avoid operation 
at or near resonance. The short is an existing design that 
has been used satisfactorily at 20 kW. 

The power level coupled into the H-plane arm is con- 
trolled by th*» diameter of the circular aperture in the 
sid° wall of the main waveguide. Figure 2 indicates the 
theoretical coupling as a function of the hole diameter 
with correction for the waveguide wall thickness (Ref. 1). 
When the H-plane arm is terminated by a short circuit, 
the mismatch introduced into the main waveguide is a 
function of the power coupling and the short position. 
Figure 3 ind* ites the theoretical susccptance variation 
(Ref. i) ».i!culated for aperture diameters of 3.81 and 
4.70 un. It is noted that the larger aperture affords a 
larger tuning range with a less steep slope in the negative 
susccptance region. 

III. Prototype Tests 

A waveguide test sample has been fabricated and 
tested at low power, using several coupling aperture 
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diameters. The coupling measurement was made with 
the H-plane arm terminated in a matched load. Match 
measurements using a waveguide slotted line were made 
with the H -plane arm terminated in a laboratory model 
sliding short. The test results are plotted in Figs. 2 and 3 
for comparison with theory. The agreement appears to 
be quite acceptable for small apertures, but less accurate 
for larger apertures. Nevertheless, the theory serves as a 
valuable tool for laboratory development. 


IV. Future Plans 

A high-power test model is now being fabricated using 
a coupling hole diameter of 4.7 cm. This aperture is ex- 
pected to exhibit a coupling of 17 dB. resulting in a 
power level >« the H -plane arm of approx i lately 8 k\V. 
This model will include the noncontacting short and 
water-cooling. Tests at 400-k\V will be made and re- 
ported at a later date. 
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A No-Load RF Calorimeter 


R. C Cnemoff 

R. F. Systems Development Section 


A novel RF calorimeter is described and analyzed. The device combines the 
conservation of e.xergy principle with the dc substitution idea to elimtnate the 
need for RF and/or dc loads , thereby providing highly accurate “on-fine" 
measurements of RF pou low co±t. Breadboard test data are reported. 


I. General Description 

Consider any source, S of power that accepts dc (or 
low-frequency) power, P,* r , produces output power, P<>, 
and rejects dissipated power, Pdi**, to an external heat 
sink, If P rfc , P ft , and P*,,, are considered average values, 
conserv ation of energy implies 

Pn = P dc “ P/fi*» (1) 

w> vl in turn suggests the analog circuit of Fig. 1 for 

i ig P.,. 

* . • *»■ *i of the device consists of correct adjustment 

' . \ ^ r u scale deflection and zero of the P 0 meter. 

input to the analog subtractor dis- 
. . .. a -nown value of P , f - is applied to the source. 

, n^te* in then adjusted by means of potentiometer 
(? * ,;.l “Prfr,” ie., tnat voltage (preferably at or 

\r f corresponding to P rfr . Secondly, the P rt 


meter zero is set by pot R2 under the following condi- 
tions: (1) P<*, 5, inputs is reconnected, (2) some value of 
Pdr > 0 is applied to the source, (3) the source is ad- 
justed for zero output. 

Since the conservation of energy principle applies to 
every form of energy, P 0 can be any kind of power 
whatever; the utility of the device dep^i ds only on 
whether P rfr is easier to measure il;an P 0 , .uid not on the 
“species” of either. But the most obvious application, and 
the only one considered here, is to Rr power sources, 
although for our purposes the term “RF source" can be 
very broadly interpreted to include any dc (or 60- or 
400-Hz) powered source of electromagnetic power, P„, 
from very 7 low frequency (VLF) to light. 

The principal advantage of this device over conventional 
RF power measurement devices is that it enables “on-line” 
measurements, i.e., measurements of radiated power, with 
accuracy hitherto attainable omy with dc substitution 
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calorimeters (Ref. 1). It i\ in fact, a kind of dc substitu- 
tion calorimeter in which the source itself serves as the 
dc load, but since it does not require an RF load (or an 
external dc load for dc substitution), it is much cheaper 
than a conventional RF calorimeter. For this reason one 
is tempted to call it a “poor man's calorimeter,'' but we 
will stick with “no-load calorimeter" (NLC) for the pur- 
poses of this article. 

The principal limitations on the applicability of the 
NLC are: (1) source efficiency must be relativeh high to 
obtain good accuracy, (2) it must be possible to operate 
the source in a P 0 = 0, P dc > 0 mode to set the P„ meter 
zero (this is difficult or impossible for some oscillators, 
e.g., magnetrons), and (3) the device can only measure the 
power at the output port of the source, not at some 
remote point in a transmission line or in free space. 

II. Error Model 

Figure 2 is an approximate lumped equivalent circuit 
for heat flow in a typical fluid cooled RF source. Most of 
P*,,,, viz P, flows from dissipation sites within the source 
(e.g., a tube anode) through an internal heat exchanger 
(e.g., coolant passages or fins in the anode) to the coolant. 
R u represents the thermal resistance of the internal heat 
exchanger. The coolant then carries P l to an external 
heat exchanger that rejects it to an infinite heat sink ai T , 
through equivalent thermal resistance fl 3r , If the cooling 
system is closed, R 12 is shunted by thermal capacitance 
C, which represents the finite heat capacity of the circu- 
lating coolant. P p is the fluid frictional loss in the internal 
heat exchanger. Heat leakage from the source is repre- 
sented by the shunt fL >e infinite heat sink at 7\. 

From Eq. (1) and elementary circuit theory we have 
Po = P dc - (1 + a)P, + Pr (2) 

where 

a = (R u -I fi 12 )/R 2 

and 

P r = P,(l + R„/R 2 ) + (7\ - To)/H 2 , (3) 

is an error term due to P p plus the heat flow between 
sinks at T t and T 0 through leakage conductance 1 /R 2 . 
In general, T % and T 0 , hence P e , are random variables 
of time. 


We assume that only P 3 , the heat carried from the 
source to the external heat exchanger by the coolant, is 
sensed, so that the output voltage, t\», of the NLC is 

= aP<i< - bP< (4) 

If, at some time, say f = 0, and at some positive value, 
Prfr(0), of P dc , we adjust the zero of the P 0 meter in the 
manner described above, we set 

fo = a (1 + a)/(l + O (5) 

where € (l = P r (0)/P^ r (0), and P r ( 0) is the value of P e at 
that time. From Eqs. (2), (4), and (5) we find that at any 
future time, f, 

aP„ — Po - vja 

« €o [P,r( 0) - P,U,,(t)] + *Pr(t) (6) 

where AP f (t) = P f (i) — P r ( 0), and we have assumed € 0 
small enough to write €« €,>/(! + € 0 ). From Eq. (3) we 

see that P f , hence AP„(t), is independent of Pde> hence of 
P*,,,, so the two terms of A P fl are uncorrelated, and the 
rms value of A P 0 , rm$(AP n ), assumes its minimum value, 

min [rms(APn)] - rm.s(AP f (t)) (7) 

at = Prfr(0). To minimize rms(AP 0 ), therefore, one 

must not oniy be able to estimate the value of P di but 
one must also rezero the P 0 meter whenever P^,, changes. 
The obvious way to get around this difficulty is to add a 
signal proportional to P f (0) to the analog computation 
of P 0 as, for example, in the circuit shown in Fig. 3. The 
P,» meter zero is first set with the P e compensation pot, 
R3, at P dc = 0. Then, with P dc > 0, the P 0 meter is again 
zeroed with R2 as previously described. This adjustment 
eliminates the P df ( 0) — P rflJ!J , bias term from Eq. (6). 

Theoretically, the F f compensation enables one to 
realize mw(AP 0 ) = min [rms(APo)] — rms (AP*(t)], i.e., 

elimination of all errors except those due to random 
fluctuation of 7\ — T n . The cost is slight: one addu.onal 
adjustment making three in all (Hi, R2, and K3), none of 
which need be repeated when P dc or P rfijl * change. On 
the other hand, the benefit may ilso be slight if, for 
example, rms [AP f (t)] » ave (P e ), or if instrumentation 
errors swamp both. 

Note that leakage conductance 1/R 2 enters into the 
error term P f only through the relatively small gradient 
Ti — T 0 , not through the large gradient between the 
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source P (/is * and the leakage sink at T,. This is another 
advantage the NLC has over a conventional dummy load 
calorimeter: in the latter, heat leakage contributes 

directly to measurement error, and there is no easy or 
inexpensive way to compensate for it, whereas in the 
NLC, leakage conductance contributes a small, easily 
compensatable error, and leakage power itself has no 
direct effect 

C, the thermal capacity of the circulating coolant, is 
just one of the many finite heat sinks in a large power 
source and its cooling system, but it is included in the 
model because it tends to be much larger than most of 
the others. It can contribute a maximum error of 
(Ri 2 /R 2 )P 3 if b is adjusted before C is fully charged. In 
most large fluid cooled sources, the coolant will be only 
5 to 10° C warmer than T n , while the internal heat source 
(e.g., a tube anode) will be hundreds of °C hotter than 
the coolant. This means that R i; is much smaller than R n . 
Furthermore, Rn + R 12 , the total thermal resistance of 
the cooling system, is always much smaller than the leak- 
age resistance R 2 in any reasonably designed large source. 
Therefore, R, 2 « R 2 and the error caused by premature 
adjustment of b is very small. This reasoning may not hold 
for small sources that have relatively large heat leakage, 
but C is proportionally smaller for small sources and the 
time required to reach thermal steady state is propor- 
tionally shorter. 

III. Experimental Results 

A breadboard NLC was b it and used to measure the 
output of a 10-kW average power water cooled klystron 
amplifier. The signal was provided by resistance 
temperature sensors that sensed the AT of the combined 
coolant flows in collector and body. Coolant flow appeared 
to be constant to within the resolution (about 1%) of the 
flowmeter (had coolant flow not been constant, a flow rate 
sensor and (flow rate) X AT multiplier would be required 
to provide the P d i$» signal). The P dc signal was provided by 
analog multiplication of the voltages appearing at the 
terminals of beam current and beam voltage meters 
installed in the klystron power supply. 

The P 0 meter was adjusted to 20 kW full-scale using 
portable standard meters to measure beam current and 
voltage. No calibration data were available for the kilo- 
voltmeter used to measure beam voltage but its accuracy 
was assumed to be 1.0% on the basis of the manufac- 
turers claims. This plus the 0.25% accuracy of the beam 
current ammeter yields an estimated 1.25% accuracy for 
the P d c calibration. 


Two kinds of tests \ve»\ used to evaluate the perfor- 
mance of the NLC breadboard. The first was a compari- 
son of simultaneous measurements of RF power by this 
device and by a conventional dummy load calorimeter. 
The second was a test of “zero trr?king," i.e., the ability 
.of the NLC to retain its original zero reading as P, ir is 
varied over its operational range while the actual RF 
output remains fixed at zero. The zero-tracking test mea- 
sures the total error due to nonlinearity and drift. It is, 
of course, incapable of determining what part of this total 
is due to instrumentation errors and what part aiLes in 
the heat transfer processes of the source itself. 

The results of the zero-tracking test appear in Fig. 4. 
The transient following each P dr step change is greatly 
exaggerated by integration of the AT signal (r^25s) 
required to suppress rapid fluctuations. 

Figure 4 shows that the steady-state P« error is less 
than 0.20 kW (= 1.0% of full scale). The P 0 meter was 
initially zeroed at P,/ r — 20 kW. P e compensation was not 
attempted. Were P e ( 0) appreciable, we would expect to 
see the error increasing linearly from 0 to 20 kW, but 
Fig. 4 shows no clear evidence of such a trend. We con- 
clude that the zero-tracking error is primarily due to 
temperature drifts (Tj — T 0 fluctuations in the simplified 
error model) within the source and/or instrumentation 
drift and nonlinearities. 

The bulk of the error may well be due to the offset 
voltage at the input of the A T operational amplifier 
(op-amp). The A T op-amp was zerr ed at the beginning 
of the test, but the offset drifted from zero as the ambient 
temperature changed. We can estimate the temperature 
change required to produce the observed zero-tracking 
error as follows. 

The resistance temperature bridge output, t?(AT), is 
about 1.0 mV/°C. The coolant flow during the test was 
72 lmin (19 gpm). Therefore, at P 0 = 0, the constant 
t)(A T)/Pd C = 0.2 mV/kW. Thus the observed 0.2-kW zero- 
tracking error corresponds to an offset voltage of 0.04 mV. 
The op-amp s offset temperature coefficient specification 
is 15 fi \/° C max, so that the 0.2-kW error could have 
been caused by an ambient temperature change of only 
2.7°C. Obviously, a low-drift op-amp foi A T would have 
been preferable, but this breadboard, like most, was built 
of the most available, not the best, components. 

The results of the no-load vs conventional calorimeter 
measurements are shown in Fig. 5 and Table L Although 
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nothing was known about its thermal properties, the 
dummy load design appeared to provide excellent thermal 
insulation between the coolant and the waveguide envel- 
ope of the load. The coolant was pure water. Coolant A T 
was measured with a quartz thermometer, and load flow 
was measured with a differential pressure flowmeter. The 
values recorded in Table 1 are the means of at least nine 
nearly simultaneous readings each of P 0 and dummy load 
A T at each powe*- level. The dummy load flow appeared 
to be constant throughout the run. 

The apparent negative bias in the P 0 (NLC) — P 0 (CC) 
values in Table 1 may not be significant; all but one 
difference is less than the maximum 0.20-kW error ob- 
served in the zero-tracking test, and the largest, 0.23 kW, 
is only slightly larger. In other words, the results of 


Table 1 are consistent with the hypothesis that the 
P (( (NLC) — P 0 (CC) discrepancies are entirely due to the 
prev : jusly observed zero-tracking errors. 

IV. Conclusions 

The no-load calorimeter enables on-line RF power 
measurement^ at accuracies otherwise attainable only 
with much more expensive off-line techniques and equip- 
ment. A simple model of beat flow in the RF source shows 
that the inhere nc accuracy of the no-load calorimeter mea- 
surement is limited essentially by random fluctuation in 
temperature gradients between heat sinks. Two brief 
breadboard tests yielded consistent results. AT op-amp 
offset drift appears to be the major error contributor in 
breadboard tests. 


Reference 

1, Ginzton, E, L., Microwave Measurements, McGraw-Hill, 1957, p. 193 
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Table 1. Comparison of RF output measurements: 
NLC breadboard vs conventional calorimeter 


P 0 (NLC)‘, 

k\V 

P 0 (CC)\ 

kW 

P 0 (NOM)S 

kW 

P„(NLC) - 
P 0 (CC),kW 


7.88 

8.05 

7.6 

-0.17 

-2.1 

7.46 

7.43 

7.0 

+ 0.03 

1.4 

10.09 

10.15 

9.4 

~0.06 

-0.6 

5.15 

5.38 

5.0 

-0.23 

-4.5 

3.18 

3.22 

3.0 

-0.04 

-1.2 


*P^(NLC) = NLC breadboard measurements. 
b P 0 (CC) = conventional ( dimmy load ) measurements. 
C P 0 (NOM) = “nominal” RF output per in-line power meter. 
P 0 (NLC) -P 0 (CC) 

F 0 (NLC) 


d A% 


-X 100%. 
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TIME, min 


Fig. 4. P 0 zero-tracking performance of the no-load calorimeter 
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Dual Carrier Preparations for Viking 

D. A. BathKer 

Communications Elements Research Section 

D. W. Brown 

R. F. Systems Development Section 


While simultaneous transmission of two S -band carriers from a single Deep 
Space Station is no longer a committed operating mode for Viking Project sup- 
port, the program of invest igi tiov and abatement of noise hursts and, ; tar- 
mcdulation interference has continued through the first three calendar quart s 
of 1973 . At DSS 14, internal waveguide arid external antenna 4, ork yielded major 
- eductions in both types of interference. Suppoumg investigation : were also 
conducted at JPL and at DSS 13 during this period. Conclusions and recom- 
mendations for futur " work are presented. 


I. Introduction 

The continuing program of investigation and al nent 
of interference arising from single- and dual carrier tra.is- 
vnis-ion from a Deep Space Station shifted emphasis to 
DSS 14 early in 1973. The extensive work at DSS J.3 
dur -ig 1972 (Refs. 1 and 2) was continued in the first 
half of 1973 in order to obtain long-term data an »o 
perform specific experiments in support of the 64-.v 
antenna effort. This work has been reported in detail by 
Petty and Jackson (Refs. 3 and 4). This a ':cle will emp T a- 
size results at DSS 14 and, with the aiJ of an extensive 
reference list, will serve as a final report for the 1972-1973 
program. 

On the whtl r , the effort at DSS 13 served the intended 
purpose of continuing prior hypotheses, identifying 


sources of interference, developing remedial ^ocedures, 
and establishing improved methods of instrumental ion. 
Although sif'.iificant reduction of internal sou ces a.td of 
selected por cions of the externa) system at DSS 13 was 
achieved little was to be gained by further \s -k on tl a 
DSS 13 unique antenii structure. 

II. Supporting Investigations 

Analysis and modeling of various aspects of the dual- 
carrier problem have continued, with the ol.’t tive of 
backing the em^nc’ 1 field work with sound theoiy 
(Refs. 5-9). Of particular interest is the work by Higc and 
otheis (Ref. 7), including laboratory generation of broad- 
band noise and intermodulation products (IM^) in the 
receive band by means of RF-illuminated jt ions of 
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oxidized aluminum. More recently, a quantum physics 
model has been applied (Ref. 9), largely confirming past 
hypothi es of tunneling effects in the myriad metal- 
oxid* ‘tal junctions in the external antenna. 

More closely allied to the field activities was the 
evaluation by Kent (Ref. 10) of the degradation of tele- 
metry and doppler dat in the interference environment. 
With the aid of a controllable IMP generator (Ref. 11), 
a range of performance was obtained, yielding the con- 
clusion that, in general, for carrier loop margins near 
20 dB (typical of Viking orbital operations), the presence 
of detectable receive band IMPs will produce detectable 
data degradation. 

in yet a different context — Viking or biter uplink and 
downlink spectrum analysis — Koemer has included the 
IMPs along with modulation sidebands and the multiple 
carriers in determining mutual interference in communi- 
cation links (Refs. 12 and 13). 

III. Summary of DSS 14 Activity 

As indicated at the close of the last major dual-carrier 
activity report (Ref. 2), a return to DSS 14 was authorized 
at the beginning of 1973. The initial scope was set at 
the accomplishment of whatever modifications could be 
made during the then scheduled station down time in 
February and March. In addition to a work plan for this 
period, tests were designed and scheduled for “before 
and after” interference performance during January and 
April-May. As of the end of May, the ten-fold improve- 
ment achieved (more on this in the next section) was 
sufficient to uncover a level and type (spectral quality) 
of interference which pointed strongly to the highly illu- 
minated feed contj with their newly installed S/X-band 
hardware. This latter equipment was added during the 
aforementioned down time and consists of an ellipsoidal 
reflector atop the S-Band Megawatt Transmit (SMT) cone 
and a dichroic plate over the Multiple-frequency X- and 
K-Band (MXK) cone (Ref. 14). It had been anticipated 
that these items with their piece-part construction (rivets, 
etc.) and hydraulic retraction mechanisms would prove to 
be troublesome in the interference sense. 

Because of the then approaching Mariner Venus/ 
Mercury 1973 (MVM73) preparations and Pioneer 10 
configuration freeze, it was considered inadvisable to 
undertake any modifications to this critical equipment 
for the purposes of interference abatement. However, in 
order to capitalize on the gains already achieved, a plan 
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was devised to remove intact the SMT and MXK cones 
with the primary intent of evaluating the basic antenna 
with only the relatively simple (externally speaking) 
Polarization Diversity' S-Band (PDS) cone in place. Evalu- 
ation in this configuration not only indicated further 
reduction in interference level but uncovered yet new 
clues pointing primarily to the quadripod apex and legs. 
Here again, a work plan was developed to complement 
an already scheduled survey and reconditioning of the 
main reflector. In order to maintain test configurations as 
orderly as possible, the re-installation of the cones was 
delayed somewhat, with the MXK going up near the first 
of August and the SMT about one month later. 

More test time during and after this effort would have 
allowed more satisfying cause-and-effect conclusions to 
be drawn, but thanks to the extraordinary efforts of 
DSN scheduling, station personnel, and key people from 
Sections 332, 333 and 731, additional improvements of 
100-fold and more (30 dB since January) were obtained 
with sufficient control to firmly establish the re-installed 
cones and related equipment as the limiting interference 
sources. 

Table 1 attempts to summarize these DSS 14 activities 
for the purpose of establishing a time line for the discus- 
sion to follow, which will present the performance 
achieved at each step. The important detail behind the 
modification summary given above will be reported 
separately 1 (see also Ref. 15). 


Considering the completion times of Table 1 as the 
abscissa and the IMP mean averaged over the available 
test periods as the ordinate, we obtain Fig. 1. As noted, 
all performance data are for the standard test conditions 
of dual 40-kW carriers at approximately 6-MHz spacing 
(N — 31)-. 

The "pro- 1973” data point is typical of observations in 
1972 and perhaps earlier. The 2- to 3-dB improvement 
indicated in the first interval is illustrative nf the concept 
that for many discrete interference sourc eradication 
of less than a majority (assuming equal intensity for each) 
will result in less than 3-dB reduction in overall level. 3 
Keeping Table 1 in mind, we see a 10-dB reduction 

To be published. 

z . is the index of the Nth spectral line above the upper carrier 
(Ref. 2). 

3 See first part of Ref. 15 for “pre-1973” modifications. 



IV. Performance Results At DSS 14 



achieved in the next interval, which represents the addi- 
tion of the S/X feed cones, down time modifications, and 
replacement of such internal waveguide items as switches 
and diplexer. While some data were taken in the SMT 
diplex mode as well as with the PDS cone, which proved 
helpful on a detailed diagnostic level, in general, the 
interference performance was essentially the same with 
either cone active (Ref. 16). For the purposes of this 
article, it is sufficient to consider all data as taken in the 
PDS mode. 

As of late May, the IMP mean had not only been 
reduced to typically —150 dBm (from —140 dBm in 
January), it had also taken on a more stable character 
(i.e., less variance). Similarly, the single- and dual-carrier 
noise burst (NB) performance had made proportional 
improvements (Fig. 2). As noted in the preceding section, 
the SMT and MXK feedcones were then removed, with 
an immediate 6- to 10-dB improvement. By late July, 
minor modifications primarily near the surface of the 
main reflector, had yielded exceptionally interference- 
free performance: IMP means of —170 dBm and less 
and NB peaks in the 3-K range, exc ept upon mechanical 
agitation of the quadripod apex/subreflector assemblies. 
As indicated in Fig. 1, this effect had first been uncovered 
during the prior test period, and was a primary considera- 
tion in the formulation of the August work plan (see 
Table 1). 

Station commitments forced the re-installation of the 
MXK cone during the August modifications, with a result 
that precluded the possibility of observing a probably 
stable interference level of —170 dBm or less. Nonethe- 
less, evidence in mid-August strongly indicates that the 
intermittence had been subdued, even though a new 
stable IMP level of —160 dBm resulted in this configura- 
tion. By late August, with essentially all modifications 
complete, the IMP level had apparently risen to 
— 155 dBm. As Table 1 indicates, the main reflector had 
been stripped of tape and retaped during this month, but 
with Iry weather in this period, it is believed that tape 
was not a factor in the August performance data. 

Twc apparently unrelated circumstances are of interest 
for this period. First, as noted in Table 1, the 400-kW 
klystron failed at about the time the feed cones were 
removed, and because spares had been temporarily con- 
sumed by other high-power transmitter problems, it was 
necessary to adopt the 100-kW configuration as planned 
for DSS 43 and 63. In order to maintain continuity of test 
condition, dual 40-kW operation with the 100-kW klys- 
tron was attempted and just achieved with close moni- 
toring of operating conditions (i.e., RF drive, beam 


voltage, etc.). While this mode considerably exceeded 
the 10% per carrier nominal operating power (Ref. 2), 
with resulting increased level of low -order (uplink) inter- 
modulation sidebands in the transmitter output, special 
tests were conducted which indicated that the receive 
band IMPs were probably typically generated and, if 
anything, this configuration would yield data on the 
conservative side. This transmitter configuration prevailed 
throughout the balance of the year. 

Secondly, beginning at the mid-August tests and con- 
tinuing thereafter, the prevailing IMP levels of —160, 
— 155, and finally — 150 dBm in September became con- 
sistently more sensitive to carrier operating level. As seen 
in Fig. 3, a 3-dB reduction (to dual 20 kW) produced less 
receive band IMPs in ratios approaching 30 dB ( — 150 to 
— 180 dBm). All prior experience — early 1973 as well as 
both DSS 13 and DSS 14 in 1972 — suggested a cube law 
effect (approximately 9 dB per 3 dB) (see Fig. 2 of Ref. 2). 
The clear implications here are that the July and August 
effort not only subdued the dual 40-kW intermittent but 
achieved a lasting reduction of the cube law mechanism 
by as much as 20 to 30 dB (referred to the 20-kW level), 
and that the implied interference sources associated with 
cone re-installation are of intrinsically different type from 
those generally observed prior to that time. This con- 
clusion reinforces earlier hypotheses concerned with loose 
as opposed to tight RF joints and the various intermediate 
solid-state junctions. 

Largely unresolved at this time are the weather- 
dependent characteristics of the IMPs and NBs. Prior 
experience suggests that the August retaping of the main 
reflector (using latest techniques of insulation between 
overlapping tape junctions) will improve performance in 
this respect, but, as indicated by the termination of the 
top curve of Fig. 2, there has been no opportunity to make 
this evaluation. 

V. Conclusions 

1. Single- as well as dual-carrier noise bunts have been 
diminished to insignificance to the benefit of all missions. 
The only reservations concern the weather (as discussed 
above) and the presently unknown maintenance require- 
ments (discussed or implied in many earlier reports — Refs. 
3 and 17, in particular). 

2. With the DSS 14 antenna and microwave equipment 
in “as is” condition (September 1973), the dual-carrier 
performance at 20 kW is more than adequate to support 
the Viking application, as indicated in Fig. 4. Note that 
the upper curve is taken from Fig. 3 and that the worst- 
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case Viking frequency separation offers additional margin 
over the nominal test conditions (Ref. 2). Reservations are 
as stated in (1) above. 

3. It is possible , at least for a short period of time, to 
virtually eliminate both internal and external interference 
on a large antenna for worst-case excitation in the DSN 
context. 

4. It is not considered possible to maintain the ultimate 
implied by (3) under normal operations for any significant 
period of time. It is considered possible, and even feasi- 
ble, to achieve — 160 to — 170 dBm IMP means and 3-K 
or less NB peaks for worst -case excitation, given redesign 
and/or elimination of some features of the present 
(DSS 14) S/X-band feed cones and a dedication to the 
requisite operational care and maintenance. 

VI. Recommendations 

1. In order to maintain single-carrier improvements, 
recommendations of maintenance and modification have 


been made (Refs. 3, 15, 17, 18) applicable in some degree 
to any antenna, and those at DSSs 43 and 63 in particular. 

2. Further, in support of single-carrier performance, a 
program of noise burst monitoring at DSS 14 at 400 kW 
as well as at other nominal operating levels is recom- 
mended, especially during the winter and spring months, 
to complement the summer data reported here. 

3. In the event dual-carrier operation is contemplated 
in support of, or for enhancement of, future flight proj- 
ects, recommendations for more major modifications for 
the 64-m network are also included in Refs. 15 and 18. 
These relate primarily to the external antenna and have, 
in the course of this program, been largely accomplished 
at DSS 14. 

4. Finally, a firm commitment to dual-carrier operation 
should, in addition to the above, be supported by a 
thorough evaluation of and response to the S/X-band feed 
cone and maintenance implications of conclusion (4) 
above. 
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Table 1. DSS 14 configuration and modification— 1973 


Time 

completed 

Significant elements 

Late January 

PDS cone only; antenna modifications of 
1970-72. 

Late May 

All feedcones; antenna welding (cones, 
tricone, subreflector), waveguide compo- 
nent maintenance and modifications. 

Mid- July 

PDS cone only (MXK and S\1T removed); 
100-kW klystron substituted for 400-kW. 

Late July 

PDS cone only; miscellaneous antenna 
modifications (minor welding, temporary 
removal/taping of service hardware). 

Mid-August 

PDS and MXK cones in place; extensive 
welding at apex and quad legs, dish 
detaped. 

Late August 

PDS and MXK cones; apex component 
shielding, more welding, new safety plat- 
form, dish retaped. 

Mid-September 

All feedcones in place, including S/X 
optics; full operating configuration. 
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RECEIVE BAND NOISE BURST LEVEL 



EVALUATION DATE, 1973 



EVALUATION DATE, 1973 

Fig. 3. DSS 14 receive bend IMPs vs dual carrier power 


Fig. 1. DSS 14 receive band IMPs for dual 40 kW 



Fig. 2. DSS 14 receive band noise bursts 



EVALUATION DATE, 1973 


Fig. 4. DSS 14 receive band IMPs for Viking application 
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Computer Program Copy-Verify and Load Check System 

R. Billings 

Network Operations Office 


The Computer Program Copy-Verify and Load Check System consists of two 
programsy DOI-5352-SP and DOI-5379-SP. The system assures the integrity of a 
DSN program tape at two critical points— reproduction and loading. The Mag Tape 
Copy Routine DOl-5352-SP verifies the tape as it is being copied. The Mag Tape 
Load Check Loader Program interacts with parts of the Mag Tape Copy Routine 
to check the validity of a load in progress. 


I. Introduction 

Some DSN computer programs have presented a prob- 
lem to the DSN Program Library because there is no 
direct way of reproducing their tapes. These programs are 
those which occupy almost all of the 16K memory loca- 
tions in the XDS 920 computers; they are too large to be 
copied by a standard mag tape copy routine. This con- 
straint also precludes the verification of a copied tape. The 
loading of these programs has also posed a problem be- 
cause most of them are mission-critical real-time programs 
in which an unrevealed loading error could cause data loss 
or command malfunction. Procedures were needed to 
ensure that such tapes were copied accurately and loaded 
correctly. 

The usual procedure for making mag tape copies was to 
incorporate a self-dump routine in the program itself; this 
routine dumped all of core memory as a single record on 
tape. The program was loaded into memory, and then a 


branch was made to the self-dump routine. The routine 
allowed the program to be dumped as many as nine times, 
but there was no way of checking that the dump was cor- 
rect or even whether the program was loaded accurately 
in the first place. 

A reload routine was also incorporated in the program 
so that another record could be loaded in the event of a 
bad load or subsequent failure. The capability of reloading 
the program from the extra records on tape provided some 
insurance against bad recordings and stretching or other 
physical damage. However, this insurance did not prevent 
loss of data from program hangups and other failures, 
many of which were blamed on “bad loads” for want of a 
definite cause, although they could have stemmed from 
cop / errors or loading errors. 

From the point of view of the DSN Program Library, 
the procedure is unsatisfactory. The Program Library is 
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charged with the responsibility for the accurate duplica- 
tion of mag tapes, and this procedure does not ensure 
accuracy. The self -dump technique provides a means of 
making copies of a tape, but, except for parity checking 
in the computer and tape units, it does not verify that the 
copies are 100% accurate. To ensure accurate duplication, 
100% verification is considered necessary. 

The self-dump routine vas therefore rewritten to in- 
clude a verification sequence; the new program is titled 
Mag Tape Copy Routine DOI 5352-SP and has been dis- 
tributed to personnel engaged in programming for the 
Deep Space Network XDS 920 computers. The program 
occupies 400* locations in memory starting at location 
36000*. The program dumps core into mag tape as many 
times as requested, rewinds, and then performs a word-by- 
word comparison between core and the records on tape. 
Typewriter messages indicate successful verification or 
comparison errors; in the latter case, the whole procedure 
is restarted. 

Mag Tape Copy Routine DOI-5352-SP also includes a 
load-check routine, which is used in conjunction with Mag 
Tape Load-Check Loader DOI-5379-SP to ensure a cor- 
rect load. Following the load from mag tape, the program 
branches to the load-check routine, reads another record 
from tape, and compares it word by word with the record 
already loaded in core. Typewriter messages indicate 
whether or not the comparison (and, hence, the load) is 
successful. Together, these two programs comprise a sys- 
tem which ensures against copy errors and “bad loads” 

II. Program Description 

Mag Tape Copy Routine DOI-5352-SP, written in XDS 
920 symbo 1 language, is essentially in two parts: a dump 
sequence which a requested number of records is writ- 
ten on tape, and a verify sequence, in which the tape is 
compared word by word with core memory. The routine 
checks for buffer errors in the dump sequence and for 
comparison errors in the verify sequence. If a buffer error 
occurs, the tape erases backwards over the entire record, 
and then erases forward over half the record to get the 
tape quickly by any bad areas. Comparison errors are indi- 
cated by an error message; the tape rewinds to load point 
for another start. 

No comparison is made of the area in which the copy 
routine is located (36000*-36377*). Since values are chang- 


ing in these locations during the comparison sequence, the 
whole area is bypassed. Copy errors in this section would 
be inconsequential because tapes are ordinarily copied 
from a single master and not from other copies. 

A feature of this program is that either buffer may be 
connected to the tape units; the program automatically 
determines which buffer is connected and sets up all the 
mag tape instructions accordingly. The buffer test is per- 
formed using the end-of-tape test as a pseudo- instruction. 
If the tape is not at the end of the reel, a W-bufter end-of- 
tape test will cause the next instruction to be executed 
provided the tape unit is connected to the Y-buffer, or it 
will cause the next instruction to be skipped if the tape 
unit is connected to the W-buffer. 

The load-check routine is incorporated in this program 
and shares subroutines with the dump and verify se- 
quences as needed. Mag Tape Load-Check Loader DOI- 
5379-SP branches to this routine after loading a program 
from mag tape. The load-check routine reads the next 
record from tape and compares it word by word with core 
memory. If the comparison is successful, a LOADCHECK 
OK message is typed out; if a comparison error is found, 
the operator is alerted with an error message and the 
program branches back to the loader to begin the opera- 
tion again. 

Some features of Mag Tape Load-Check Loader DOI- 
5379-SP are that it will operate with either buffer, it 
zeroes core memory before loading a program from mag 
tape, it rejects any record on tape that is shorter than 
normal and reads instead the next record, and it branches 
tc location 1 (where it expects to find a branch to the be- 
ginning of the program) after loading and verifying that 
the proper load was achieved. 

III. Conclusion 

The success obtained with this copv-verify and load- 
check system indicates that it is a feasible and practical 
way of verifying tape duplication and loading. Its use by 
programmers is encouraged to provide the DSN Program 
Library with a convenient means of verifying that tapes 
are copied accurately and to provide Deep Space Stations 
with assurance that programs are loaded correctly. The 
next step is to expand the system to include those tapes 
which are reco ded with subprograms following the main 
records and those which are recorded in modular form. 
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MAG TAPE COPY ROUTINE DOI-5352-SP 


MAG TAPE LOAD CHECK LOADER DOI-537P-SP 


Fig. 1. Routine sharing between programs 
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Network Telemetry System Performance Tests 
in Support of the MVM’73 Project 

R. D. hey and E. T. Lobdell 
Network Operations Office 


This article presents a description of Network Telemetry System Performance 
Tests that were executed throughout the DSN in support of the MVM’73 project . 


I. Introduction 

System Performance Tests (SPTs) are executed through- 
out the DSN whenever a modification is made to the Net- 
work Telemetry System that affects its performance. This 
is the case when new software or hardware is added, as 
was required for the support of Mariner 10. The purpose 
of this article is to describe the effort that was undertaken 
in executing telemetry SPTs throughout the DSN and to 
present the test results. The philosophy and the objectives 
of the SPTs will be discussed so as to demonstrate the 
benefits gained by performing these tests. A description 
of the telemetry SPTs will be presented, along with a 
description of the test procedure and test software. A 
summary of the results and the status of the Netwoik 
Telemetry System will be presented. 

II. Objectives of System Performance Testing 

The development of test procedures, test softw ire, and 
the execution of the telemetry SPTs are performed to 
accomplish certain objectives. The overall objective is to 


guarantee that the Network Telemetry System can meet 
specified operational capabilities. These capabilities are 
defined in various documents; those of particular impor- 
tance are given in Refs. 1 through 3. The SPT must verify 
that the telemetry system configurations and interface 
requirements are satisfied. They must also evaluate the 
ability of the Telemetry System to meet performance 
requirements. 

The telemetry SPT is designed so that it can be used 
to locate or diagnose system problems. The problems may 
occur during the installation of new equipment or soft- 
ware, or they may be the results of system failures un- 
covered during DSN real rime tracking operations. Some 
of the latter type problems have been discovered when 
portions of the SPT are used during countdown tests. 

Use of SPTs for prepass readiness tests is another ob- 
jective that requires that the SPT procedure be modular. 
Thus, the various classes and levels of prepass readiness 
tests can be accomplished by executing the appropriate 
sections of the procedure. 
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The modularity feature of the procedure enhances the 
capability to test modifications that may affect the capa- 
bilities of the Telemetry System. Portions of the test 
procedures are used to perform onsite (DSN Facility) 
acceptance testing of both hardware and software. 

An additional objective of SPTs is to aid in the training 
of station personnel. The SPTs are prepared so that the 
configurations used are as near as possible to configura- 
tions used for real time tracking of the spacecraft. By 
using the test procedures, s, tion personnel can gain 
experience in operating the Telemetry System and Telem- 
etry and Command Data (TCD) software. This experience 
is particularly valuable when new equipment, configura- 
tions, or software have been introduced. 

III. Test Configuration 

Shown in Fig. 1 is the general telemetry test configura- 
tion. Simulated data are generated in the Simulation 
Conversion Assembly (SCA). The simulated data called 
for in the tests are a 2047-bit psuedo-noise (PN) sequence; 
yet fixed pattern data, such as square wave data, may be 
used if special tests require that the data be recognized 
and validated by visual inspection. The SCA generates 
either a single channel or two channels of data, depend- 
ing on the telemetry mode being tested. In the case of the 
single channel of data, the SCA modulates these data with 
a square wave subcarrier. For the two channels, the data 
channels are modulated with two subcarriers using the 
interplex scheme. The modulation indices of the subcar- 
riers are set by using the wave analyzer at the receiver. 
The data on the subcarriers phase modulate a carrier gen- 
erated in the test transmitter, which is interfaced to the 
DSN Block III receiver through ambient load and the 
20-dB coupler. The test transmitter signal level is adjusted 
to obtain the required signal-to-noise ratio which is accu- 
rately measured at the Y-factor detector. 

The Telemetry and Command Data handling software 
(DSN Program Library Software No. DOI-5Q50-OP) re- 
sides in the Telemetry anu Command Processor (TCP) 
and in the Data Decoder As ; .nbly (DDA), both of which 
are small genera! purpose co r niters. The TCD software 
can be configured to process data using any one of three 
telemetry channels. For Manner 10 support the channels 
are as follows: 

(1) Channel 1 (CHI). Low-rate uncoded (LR UNC) 
with data rates of 8% and 33% bits/s. This channel 
interfaces the Subcarrier Demodulator Assembly 
(SDA) directly to the software internal bit sync loop 


residing in the TCP. The TO formats these data, 
records them as a digital Original Data Record 
(ODR), and transmits them via high-speed data 
(HSD). 

(2) Channel 2 (CH2). Medium-rate coded (MR C) at 
490 and 2450 bits/s; LR UNC at 8% and 33% bics/s. 
Tlie data from the SDA are synchronized and de- 
tected by the Symbol Synchronizer Assembly (SSA). 
The medium rate coded data are block-decoded 
using DDA software. These data are formatted and 
transmitted to the TCP where they are recorded as 
an ODR and transmitted via HSD. Low-rate data 
are accepted by the DDA from the SSA. These data 
are formatted and transmitted to the TCP where 
they are handled the same as Channel l data. 

(3) Channel 3 (CH3). High-rate coded (HR C) at 22.05 
and 7350 kilobits /s; medium rate coded at 490 and 
2450 bits/s; high-rate uncoded (HR UNC) at 117,6 
kilobits/s. The high rate coded and medium rate 
coded data are decoded by the Block Decoder As- 
sembly (BDA). The DDA accepts the high- or 
medium-rate decoded data from the BDA or high- 
rate uncoded data from the SSA. These data are 
fo. ru tted and transmitted via wide band data 
(WBD) lines *f they are high-rate coded or via HSD 
lines if they are medium-rate coded. The formatted 
data are also recorded on the DDA 9-track high- 
density recorder (HDR), creating an ODR. 

The transmitted data block* (the output of the TCD) 
are described in detail in Ref. 4. The specifications placed 
on the telemetry system by these requirements are very 
important and must be tested. 

The TCP has a 24-bit direct transfer interface with the 
Digital Instrumentation System (DIS). The operational 
telemetry software uses this interface to transfer initializa- 
tion, status and calculation messages to the monitor sys- 
tem (Ref. 5). This interface is tested, but without the DIS 
monitor operaiional software. 

The DIS is used to process the data for the test using 
the Telemetry and Command System Test Program (DOI- 
5409-SP). The data transmitted by the TCP or DDA go to 
the station communication center and are normally trans- 
mitted to the Mission Control and Computing Center 
(MCCC). To use the DIS as the processing computer, the 
DDA or TCP HSD/WBD lines must be patched at the 
station communication center to the DIS HSD/WBD 
lines. 
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IV. Telemetry System Test Software 

The Telemetry and Command System Test Program, 
DOI-5409-SP, resides in the DIS computer. It contains 
two subprograms: a telemetry subprogram and a com- 
mand subprogram, both under the control of an Executive 
Program. The program interfaces with the TCD string to 
be tested through the HSD/WBD on-site GCF equipment 
(station communications center), and the 24-bit monitor 
interface. By virtue of these interfaces, the TCD and its 
operational roftware are tested in an operational environ- 
ment. That is, the telemetry system test validate** data as 
they are transmitted externally from the TCD system. 

The software receives the monitor data, and formats 
and prints the results selectively on the DIS I/O type- 
writer or line printer. Due to the greater print speed of 
the line printer, it is normally used during the tests. The 
monitor data displayed are initialization messages, status 
messages, and the calculation messages. These messages 
are validated by visual inspection for correctness and com- 
pleteness in compliance with Ref. 5. 

The telemetry data HSD WBD blocks may be dis- 
played on the line printer for visual inspection, although 
normal operation consists of permitting the software to 
output the following: 

(1) Standard block header information consisting of 
source, destination, data-dependent type (DDT), 
user-dependent type (UDT), spacecraft identifica- 
tion, and day of the year and the time of the block 
formation. 

(2) Formatted configuration and lock status with re- 
ceiver AGC or signal level in dBm, and the TCD 
software channel in use. 

(3) The bit error rate (BER) or word error rate (WER) 
measured over a given period; the bit rate and data 
format. 

In the bit error rate test, the data may be either PN or 
a fixed pattern. The test software synchronizes to the data 
and does a bit-by-bit comparison. The WER/BER accu- 
mulation may be over any chosen interval resulting in a 
grand total, while statistics can be displayed as interim 
summaries at intervals as required. 

As the test is being executed, the test software will 
detect errors and display error messages as follows: 

(1) The At between telemetry HSD/WBD blocks are 
not within specified tolerances. 

(2) Excessive bit error or incorrect data type, as evi- 
denced by the inability to achieve synchronization. 


(3) Binary time and multisecond clock differences. 

(4) GCF errors. 

The telemetry system software is an invaluable tool, 
which has done much to facilitate and ease the execution 
of the Telemetry System Performance Tests. 

V. Test Procedure Format 

The Network Telemetry System Performance Tests for 
Mariner 10 were executed using Ref. 6. In this section, the 
format of the procedure will be presented to provide a 
description of the tests that are performed at the Deep 
Space Stations. 

The overall test is divided into three main tests. Each 
test contains a number of sub*ests tfv modular so 
that any test can be run independr as allows the 

procedures to be used for prepass r^ai tests, trouble- 

shooting, and new equipment or softw are tests. It also 
allows for reduced testing when resources so demand. 

The three *.sts are the Configuration and Interface 
Tests, the Telemetry Performance Tests and the Non-Real 
Time Capability Tests. These tests all call out a Test Prep- 
aration Section as needed. The complete test, two TCD 
strings, can be accomplished in 40 hours. 

A. Configuration and Interface Tests 

The Configuration and Interface Tests are performed 
on the three telemetry channels (CHI, CH2, and CH3). 
They test the telemetry operational software and hard- 
ware interfaces using all the operational configurations 
planned for Mariner 10 support. This test contains HSD 
and WBD interface tests that verify the HSD/WBD 
blocks. The blocks are verified by inspection of the for- 
matted block headers, configuration and lock indicators 
that are formatted for ease of interpretation, and by the 
absence of error messages. This section contains a set of 
TCP-DIS monitor message verification tests that verify 
that the initialization, status, and calculation messages are 
correct as specified. 

Although the AGC/dBm conversion test and the signal- 
to-noise ratio (SNR) calculation test are separate sections 
of the test procedure, they are normally run with the 
configuration and interface tests. The ACC/dBm cor * :;r- 
sion test verifies that software can perform a correct con- 
version from AGC volts to signal level in dBm. The 
conversion parameters are entered in the program, and 
accuracy of the conversion is checked io see t it it is 
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within ±: 0.05 dBm. The SNR calculation test verifier the 
accuracy of the software SNR estimator routine. SI > of 
15, 10, and 5 dB are set up using the Y-Factor machine. 
The calculation is verified to be accurate within ±0.3 dB. 

The important aspect of the configuration and interface 
tests is that they insure that the functional capabilities of 
the Telemetry System exist. (The configurations tested 
can be found in Fig. 3.) 

B. Telemetry Performance Test 

The Telemetry Performance Tests determine the capa- 
bility of the Telemetry System to meet the DSN support 
performance requirements. These tests are designed to 
evaluate telemetry performance at threshold SNRs with 
CHI, CH2, and CH3 configured in the Mariner support 
modes. 

The test measures the output data Word Error Rate 
(WER) for coded data and the Bit Lrror Rate (BER) for 
uncoded data given an input data signal-to-noise ratio. 
The results are compared against predicted BER WER, 
and if they are within given tolerances, the performance 
is considered to be acceptable. The predictions are based 
on a 'able mathematical models of the Telemetry Sys- 
tem (Refs, 7 through 10). These models are evaluated 
using a computer program. This program is called the 
Telemetry Efficiency Program, and is used primarily to 
generate performance parameters for the telemetry SPTs. 

A strong signal test is always executed orior to a weak 
signal test. The strong signal test is run to detect gross 
errors in the HSD WBD blocks that would invalidate the 
weak signal tests, which take much longer to perform. 
The strong signal test alto confirms the set up configu- 
ration and interfaces. 

The weak signal performance tests are run for all oper- 
ational configurations and data rates. An accurate SNR is 
set using the Y-Factor machine, and the WEF/BER is 
measured and recorded. The SNR calculation is also 
checked for accuracy. (The telemetry modes and perform- 
ance tolerances can be obtained from Fig. 5 ) 

During the execution of the telemetry performance 
tests, Original Data Records (ODRs) are created to be 
played back and validated in the Non-Real Time Capa- 
bility Tests, with the exception of the ODR for the 117.6 
kilobits s uncoded data mode. Since the WBD lines are 
limited to a data rate of 28 kilobits/s, it is not possible to 
perform a telemetry performance test in real time. There- 
fore, the data are recorded, then played back at the wide- 
band rate, with an effective data rate of 22 kilobits/s. 


(This is also normal operational procedure for supporting 
the 117.6 kilobits/s mode.) Performance data can then be 
obtained as they were for the other data modes. 

C Non-Real Time Capability Tests 

The ODRs generated in the performance tests are vali- 
dated in the third set of SPTs. These are the Non-Real 
Time Capability Tests. In the first part of these tests, the 
ODR playback demonstration, the digital ODRs are 
played back using the appropriate playback program, the 
7-track playback program (DOI-5041-OP) or the 9-track 
playback program (P9 module of DOI-5050-OP). This 
demonstrates the ability to play back tapes, using both the 
TCD and the playback software. The HSD /WBD blocks 
are checked in a manner similar to the configuration and 
interface tests, to insure that the tapes were properly 
recorded. 

In the second part of the Non-Real Time Capability 
Tests, analog tape playback demonstration analog tapes 
are generated at a specific SNR and then played back. 
The tape output SNR is obtained and compared against 
the set SNR. The tape output SNR must be no greater 
than 1 dB. less than the set SNR. 

Data reporting is accomplished by using foir data 
sheets. These are presented in Figs. 2 through 5 Toe data 
sheets are: 

(1) Data Sheet 1: Test Report Log. This cat i sheet is 
used to keep a record on what tests have been per- 
formed throughout the Network (Fig. 2). 

(2) Data Sheet 2: Configuration/ Interface Tests. This 
sheet gives a checklist of the tests performed for 
the Configuration and Interface Tests (Fig. 3). 

(3) Data Sheet 3: dBm Conversion and SNR Calcula- 
tion Tests. Tabulates results of these tests (Fig. 4). 

(4) Data Sheet 4: Performance Tests. Tabulates results 
of the Performance Tests, plus results of the ODR 
playback (Fig. 5). 

Test results are analyzed and recorded by the Telem- 
etry System Cognizant Operations Engineer (SCOE). 

VI. MVM73 Network Telemetry 
Test Status and Results 

Execution of network telemetry SPTs for MVM’73 was 
scheduled to begin in May of this year, with a completion 
date of 10 August 1973. Unfortunately, these dates were 
not met due to the late delivery of operational software 
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and hardware. The tests were still being executed after 
the Mariner 10 launch; however, all of the Configuration 
and Interface Tests plus those capabilities that were re- 
quired for launch had been completed prior to launch. 
The tests were required to be performed at the following 
stations: 

(1) Goldstone, California: DSS 12 and DSS 14. 

(2) Tidbinbilla, Australia: DSS 42 and DSS 43; con- 
joint stations. 

(3) Madrid and Ceberos, Spain: DSS 62 and DSS 63. 

The tests were conducted by station personnel. In a 
number of cases the SPTs uncovered station problems, 
which, when corrected by the station personnel, required 
a rerun of system tests. The station personnel also made 
recommendations on modifications or corrections of the 
procedures. 

Data taken during the tests were transmitted to the 
telemetry SCOE. The data were analyzed and sa/ed. To 
evaluate the status of the Telemetry System, a Telemetry 
Test Status Board was created. The most recent data from 
each station are recorded on this Board, and are presented 
in Fig. 6. 

The Telemetry Test Status Board presents the date that 
the Configuration and Interface Tests, including AGC/ 
dBm and SNR tests, were completed. It also presents the 
results of the performance tests (1-1 through 7) and the 
date that these tests were completed. For the performance 
tests, the data rate, input SNR, allowable WER/SER, and 
allowable SNR with tolerances are presented. The Board 
shows whiJi tests are not completed and due, are out of 
tolerance, and are not required from a particular station. 


All of the Configuration and Interface Tests (including 
the AGC/dBm and SNR tests) were successfully com- 
pleted prior to Mariner 10 launch. The Telemetry Per- 
formance Tests were not completed. Some of the tests 
were run, but the results were not within tolerance. These 
results we^e accepted since they were nearly within speci- 
fication, and it was deemed that the station resources not 
be loaded by further testing except on a best efforts basis. 

In some cases, dita from the tests were not available. 
These tests were not completed due to hardware prob- 
lems that were uncovered prior to or during the tests. 
Since the tests were run late, many problems were dis 
covered just prior to Mariner 10 launch. The problems 
could net corrected due to the Mariner configuration 
freeze, and then the Pioneer 10 configuration. The prob- 
lems are now being corrected and the tests will be run 
after the termination of the Pior^er configuration freeze. 

The Non-Real Time Tests were executed prior to 
Mariner launch with the following results: 

(1) All TCP ODRs were validated. 

(2) DDA ODRs at DSSs 14 and 63 have been validated. 

(3) Hardware problems with the DSS 43 DD> ODRs 
have been uncovered. 

(4) All 26-meter-antenna DSS analog tape ODRs have 
been validated. 

(5) Problems with the recorder track assignments of the 
64-meter-antenna DSS Analog Tape ODRs have 
been uncovered. 

Overall, the performance as demonstrated by the Telem- 
etry SPTs, has been acceptable. 
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(C.S.e.) 

Perfonmmce Test - 5 
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Fig. 2. Data Sltaet 1. Test report log, MVM’73 TLM system test 
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Fig. 3. Datasheet 2. Configuration /interface teste 
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dBM Conversion Test: 

TCP 1 TrP 7 TCP 3 

AGC _ 

dBM 

Results should be 130 dBM ±0.5 dB 
SNR Colculotion Test: 

l "P'" ST b /N 0 Allowable TCM TCP2 TCP3 

1 5.0 dB 15.0 dB ±0.3 dB 
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Fig. 4. Data Sheet 3. dBm conversion and SNR calculation tests 
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Fig. 5. Data Shaet 4. Performanca testa 
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Analysis of Staffing and Training Policies 
for a DSN Tracking Station 

A. Bahadur and P. Gottlieb 

Systems Analysis Section 


This article presents a method for analyzing the effects of training and staffing 
policies , and for selecting optimum policies which minimize the expenditures for 
training and salaries while maximizing the performance of the tracking station . Two 
models have been developed which represent increasing levels of sophistication. 
The first characterizes steady-state behavior under the optimization of training , 
average capability , and crew size . The second , which is the dynamic model , opti- 
mizes the operating policy over a sequence of time segments . Each segme.*t is 
characterized by a performance requirement ( dependent on the phase of the mis- 
sion ), turnover , and training allocation with a corresponding change in average 
capability. With inputs such as required minimum station performance , training 
availability , current crew capability, and expected turnover , the output of the model 
will be the change in average crew capability , the percentage of time allocated for 
training, and the corresponding minimum cash expenditure for salaries and training. 


I. introduction 

This article presents a methodology for analyzing the 
staffing and training requirements for operating a DSN 
tracking station. This analysis is part of a study made to 
develop tools to assist the management of the Deep Space 
Network in the planning and operation of the tracking 
stations. 

In order to meet tracking commitments, the manage- 
ment of the t acking stations allocates personnel and 
financial resources among operations, maintenance, and 
training. Training is not only for new personnel and opera- 
tors of new equipment, but also for upgrading the skills 
of veteran personnel. This article discusses the methods 


developed to assess the changing demands in these areas 
and to formulate an operating and training policy to sat- 
isfy requirements in a cost-effective manner. 

Work is continuing, especially in the area of training 
effectiveness, to represent more characteristics of the staff- 
ing and training policy with our model, and to generate 
optimal training and staffing policies of practical value, 
using DSS 12 as the main example. The specific accom- 
plishments expected iri the near future from these efforts 
are listed in Section IX. 

We begin with a discussion of the general features of 
the tracking station represented by our model. 
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II. Characteristics of the Model 

(1) Optimization of performance. The performance of 
the tracking station in carrying out the different 
tasks may be measured by certain selected param- 
eters. These parameters are treated as an output of 
the system, e.g., system availability, data recovery, 
number of data outages, etc. A maximization (or 
minimization) of one or more parameters provides 
the basis for the optimal operating policy. 

(2) Relationship between performance (output) and 
capability (skills available). There exists a relation- 
ship between the capability of the men and the 
quality of the station performance, which in turn is 
explicitly related to the parameter being optimized. 
These relationships between capability and per- 
formance are ultimately expressed in quantitative 
terms. 

(3) Training to increase capability . Training methods, 
which may be of varying effectiveness, are available 
to increase the capability of the men to perform 
their tasks. This may be either through increased 
proficiency in familiar subsystems or the develop- 
ment of proficiency in different or new subsystems. 

(4) Constraints. There are constraints on the system, 
which are parameterized and which may vary with 
time. Typical constraints are the type of training 
methods available, the amount of time and man- 
power available for training, minimum performance 
requirements, and the number of crews required. 

(5) Costs associated with maintaining and improving 
performance. These costs include operating ex- 
penses such as salaries, and some forms of capital 
investment such as training of new technicians. 

These five features provide the basic structure and inter- 
relationships for constructing the model. Within this basic 
framework, the model attempts to determine the "operat- 
ing policy” which optimizes a given parameter while the 
tracking station is under a specified set of constraints. 

III. The External Environment of the 
Tracking Station 

The block diagram shown in Fig. 1 illustrates the re- 
lationships between the tracking station and its envi- 
ronment. The rectangular area within the dashed line 
represents the tracking station. The area outside the rec- 
tangle is the external environment of the tracking station. 
The significant relationships between the tracking station 
and areas in its external environment are identified. 


Hiring is done to either add to, or replace, the people 
working at the station. The "world” represents the avail- 
able manpower pool, and includes former employees. 

The tracking station (the operating system) transforms 
the inputs into a tangible, measurable quantity. This is the 
output or performance of the system. 

Two methods of training are considered, formal train- 
ing and jn-the-job training. The employees at the tracking 
station have the same general background, since they sat- 
isfy certain basic selection and hiring criteria. Thus, it is 
assumed in this model that the different training methods 
are dually effective for all employees. Further work is 
nee' ary to delineate the difference in the effectiveness 
of training by method, background of the individual, and 
the length of his employment at the tracking station. 

IV. The Internal Environment of the 
Tracking Station 

The people at the station may be divided into two 
categories: 

(1) Administrative personnel This category includes 
the station managers, secretaries, schedulers, etc., 
who perform the administrative tasks at the station. 

(2) Maintenance and operations personnel. These in- 
clude the operators and technicians who maintain 
and operate the station equipment. 

Henceforth, for convenience, any reference to an indi- 
vidual at the station will imply an individual from cate- 
gory (2). 

Station personnel, both new employees and veteran 
personnel, receive training to increase their operations 
and maintenance skills in various subsystems. As men- 
tioned previously, two methods of training are considered: 
formal training and on-the-job training. 

Formal training, as the name suggests, consists of 
classroom-type multimedia instruction. A group of trainees 
is taught a specific skill by a qualified instructor. Under 
the present Deep Space Network configuration, the Train- 
ing Center develops, with the assistance of the Technical 
Staff, the instruction material and provides the instructors. 
During the time that a trainee is undergoing formal train- 
ing, he cannot participate in station operations. Thus, the 
trainee performs no "useful work” during formal training, 
and all of his time is devoted io tiaining. 
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On-the-job training takes place within the station. A 
trainee working with an already trained man acquires the 
necessary skills through observation and practice. Expe- 
rience suggests that half the combined time of trainee and 
trainer results in useful work. The other half is devoted to 
learning, and consequently the process of on-the-job train- 
ing is not as efficient timewise as formal training. 

To express this distinction, we define the effectiveness 
of a training method to be the ratio of the time required 
to acquire the skill with the given method compared to a 
“standard” training method. For convenience, >ve take the 
more efficient formal training to be the standard. Expe- 
rience suggests that trainees’ time spent in on-the-job 
training is only 40% as effective as formal training (Ref. 1). 

The operations and maintenance skills in different sub- 
systems acquired by an individual through the process of 
training may be translated into a measure called the 
“capability** of the individual. The division of the tracking 
station into subsystems may be along hardware lines or 
along functional lines as is presently the case, with the 
number of subsystems ranging from 14 to 36. Henceforth, 
the use of the word capability will be restricted to the 
above definition. 

The capability of an individual is measured in terms of 
the number of subsystems that he can operate and/or 
maintain. This measure is weighted by the relative diffi- 
culty factor of each subsystem, in the following manner 
(Ref. 2\ The number of days of formal training required 
to train a man to operate and maintain a subsystem is 
determined. The capability of an individual is then deter* 
mined by the subsystems that he can operate and main- 
tain in terms of formal training days. If an individual has 
partial proficiency in a subsystem, the corresponding per- 
centage of the total for that subsystem is added to his 
capability. 

Between August 1971 and June 1972, DSS 12 was 
divided into 14 hardware subsystems. The average train- 
ing time in a subsystem for operations and maintenance 
was 22 days (<r — 15.6) and 70 days (<r = 42), respectively. 
During this time period, the average individual capability 
varied between 191 and 241 days. Let 


then 

<i) 

For every “pass” (the continuous tracking period of a 
given spacecraft), the total amount of data available for 
collection can be determined from the spacecraft tracking 
and testing schedule. This total represents the maximum 
output of the system. 

We define the data acquisition efficiency = (actual 
data gathered available data) for an average view period. 
The two factors which have the greatest influence on data 
acquisition efficiency (Ref. 3) are 

(1) Capability of the station personnel 

(2) Man hours spent in actual operations and mainte- 
nance (as opposed to training) 

The men at the station are divided into several crews 
(1 to 4), depending on the number of shifts that the station 
operates. If the men are divided among the crews so that 
the total capability of the men in each crew, called crew 
capability, is ihe same for all crews, then 

r) = / (c r ew capability, percentage of time spent in 
operations) 


where 


and 


Let 


, #l . NK 

crew capability - 


M = number of crews 


1^M^4 


t ! = fractional time spent in operations by the average 
individual 

t : = fractional time spent in formal training by the 
average individual 

= fractional time spent in on-the-job training by the 
average individual 


Ki — capability of the ith individual (formal training 
days) 

K = average capability of the individuals in the station 
(formal training days) 

_JNK \ 

N = number of men in the station 7 ) 


Clearly, 


h + 1 2 + U = 1 


( 2 ) 


and 
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The data collected on station operations suggest an 
exponential relationship between capability and perform- 
ance. This relationship exhibits the characteristic “knee” 
(Refs. 4, 5, 6) of learning curves, and a saturation effect: 

V = 1 -exp^or.F,— j (3) 

where 

«i = exponential index 
F p = performance factor 

We choose a value of a x = 0.0034 on the basis of a best 
fit of the historical data. 

To obtain a reasonable functional form for F p (ti), we 
select the following empirical relationship based on his- 
torical station data: 

0.685^^1.0 

F p = \ (4) 

1 1.2t] 0^^0.685 

This relationship is a reflection of the fact that the sta- 
tion can devote up to 20 % of its man hours to training 
before operations begin to be seriously affected. The effect 
of t u for (*! = —0.0034, on data acquisition efficiency rj is 
shown in Fig. 2. Recall that (1 — f t ) is the fractional time 
spent in training. 

V. Identification of Costs 

Our model is based on the cost equation 

CVL = CH + CA + CF + CS + CT + CP (5) 

where 

CVL = overall cost 
CH = hiring cost 
CA = cost of attrition 
CF = cost of overhead personnel 
CS = cost of salaries of operations personnel 
CT = cost of training 
CP = cost of lost performance 


Salaries: 

CF = average salary of administrative personnel times 
number of administrative personnel; 


CF = 12 X 3 = 36 ($K/year) 

(6) 

CS=CKXN 

(7) 


where 

CK = average salary of an individual of capability K; 

CK = ^^($K/year) (8) 

This linear relationship between capability and salary 
fits some recent, randomly selected data fairly well (Ref. 7). 

Hiring and attrition: 

CH — cost of hiring one man ( = $500) times number 
of men hired 

CH — 0.5 X number of men hired ($K/year) 

CA = cost of termination processing of one man 
( — $50) times number of men that leave 

CA = 0.05 X number of men that leave ($K/year) 

Training costs: 

CT = cost of training = cost of formal training + cost 
of on-the-job training 

CT = N X CS (a 2 X t 2 + h) (9) 

a 2 = formal training cost factor — 2 (being twice as 
expensive as on-the-job training on a per-trainee- 
hour basis, since extra costs such as lecture prep- 
aration and instructor training must be included). 
This factor is determined by analysis of histori- 
cal cost and operating data from the Technical 
Staff and Training Center. 

Performance is a benefit, but one way of quantifying it 
is in terms of lost performance. Lost performance can be 
considered either in terms of inefficiency or lost data. For 
one optimization policy, we need to parameterize lost data 
by assigning a value to the available data. This value of 
the available data is dependent on the mission, its phase, 
and competing priorities (Refs. 3, 8). The cost of loit per- 
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formance, expressed in $K/year, may be expressed by the 
following linear relationship: 

CP = (1 - v) X value of available data ($K/year) 

( 10 ) 

Since the optimal policies will be in the range of tj 
greater than 80ft, the assumption of linearity in the range 
80ft to 100ft will be adequate. If one were interested in 
values of 50ft and lower, nonlinear factors, which describe 
the penalty of poor performance, might have to be intro- 
duced. 

VI. Optimization Technique 

Figure 3 is a detailed representation of the station 
operating system shown in Fig. 1. Optimization occurs at 
two points (Refs. 9, 10): 

(1) Distribution of time between operating and training 

(2) Distribution of training time between formal and 
on-the-job training 

The allocation of time between the two methods of 
training and operating can be optimized according to one 
of the following policies: 

(1) Minimization of the cash expenditure (CE), subject 
to a required minimum data recovery efficiency con- 
straint, where cash expenditure is 

CE = CH + CA + CF + CS 4- CT expressed 
in $K/year 

(2) Minimization of the overall cost (CVL), which in- 
cludes the value of lost data: 

CVL = CE + CF 

Turnover is treated as an independent parameter (ex- 
ternal constraint), either a r an absolute number or as a 
percentage of the total number of men in the station. 

For convenience of illustration, we have considered the 
average capability of those that leave to be the same as 
the station average, and that of people who are hired to 
be zero. This assumption is in accord with past experience, 
but the model does have the flexibility to specify other 
values of capability for the departing individuals and the 
new hires. This implies that whenever there is turnover, 
new hires will have to be given ti lining to maintain the 
average station capability. 


VII. The Steady-State Model 

For this model, we assume that the station requirements 
and crew capabilities do not change with time. The dy- 
namic model will address the problem of changing capa- 
bility due to turnover and training. 

The steady-state requirement implies that the number 
of people hired equals the number that leave and that 
the new hires are brought up to the average capability 
through the process of training. For convenience of illus- 
tration, we make the following additional assumptions: 

(1) The time period is 1 year, consisting of 250 working 
days for each man. 

(2) There are three crews (M = 3). 

The following examples illustrate the typical results 
which can be obtained with the steady state model. 

A. Minimum Cash Expenditure to Obtain 
a Required Efficiency 

In this example, the operating policy is obtained as a 
result of minimizing the cash expenditure CE. For a 20ft 
annual turnover. Fig 3 shows the cash expenditure re- 
quired to provide a minimum data recovery efficiency. 
This relationship is provided for a family of values of 
station size ( N\ and average individual capability (K). 

Station size varies from 15 to 36, which corresponds to 
crew sizes of 5 to 12. A crew size of 5 is typical of the cur- 
rent staffing at DSS 12 under the operating philosophy of 
a central console and ‘operations engineers.” (Refs. 11, 
12, 13). A crew size of 10-12 was typical at DSS 12 in 1970 
and is also typical of the larger stations, like DSS 14. 

Average individual capability is considered from 50 to 
200 day? . Though some individuals have capability greater 
than 200 days, the average is unlikely to exceed that value. 
Thus, 200 days is used as the upper bound. In each figure, 
the comparisons of N and K which p. jvide the maximum 
information are illustrated. 

In Figure 4, values of K above 95 are bunched closely 
together, which indicates that increasing capability does 
not increase efficiency for constant N. The reason is 
obvious. At high turnover and high capability, most of the 
time is spent in training to regain the lost capability rather 
than in operations. Curves for N = 15 to 18 terminate at 
the point corresponding to K = 200. 
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The policy of specifying a minimum required data re- 
covery efficiency is close to the present spacecraft project 
procedure. It is interesting, however, to perform a more 
global optimization by trading off the cost of maintaining 
a station of high performance capability against the cost 
of lost data resulting from poor performance. The follow- 
ing examples illustrate this second optimization policy. 

B. Effect of Crew Size on Minimum Overall Cost 

Turnover of three men year (v) and a data value of 
$1200K/year ($) are consideied in Fig. 5, where the mini- 
mum overall cost is plotted against average individual 
capability. 

For average capability less than 150 days, a station size 
of 21 is optimal. Between 155 and 175, a station size of 18 
men is optimal. For average capability greater than 175, 
the optimal station size is 15 men. In general, with increas- 
ing capability a smaller station size is indicated. 


The data value of $ = 1200, 1.2 million dollars per year, 
is somewhere between what one might choose for *he 
cruise and extended mission phases of a recent Mariner- 
type spacecraft (Ref. 3). 

C. Effect of Data Value on Crew Size 

With turnover of three men /year, the station sizes 
which minimize the overall cost are plotted as a function 
of average individual capability, in Fig. 6. These curves 
help to quantify the intuitively obvious relationship (basi- 
cally inverse) between station size and average capability. 
The curve for $ = 600 turns around at K ~ 40 days, indi- 
cating that it is not desirable to operate the station with 
average capability less than 40 days. 

In Fig. 6, for an average individual capability of 120 
days and a data value of $600K/year, a station size of 
16 men is indicated. When the data value is inc eased to 
$1800K/year, the optimal station size increases to 25 men 
for the same average individual capability. 

D. Minimum Cost and Optimal Capability Contours 

Figures 7 and 8 show contours of minimum overall cost 
and optimal capability, respectively. The turnover is 30% 
of station size (N) instead of an absolute number, as in the 
previous cas 


Fcr a particular data value, either the station size or 
average individual capability must be selected as the 
starting point Since there are greater const’ aints on sta- 
tion siZf than ave age individual capability, *t is suggested 
that data v ncl station si/e be used as the starting 
point. Figi cn gives the minimum overall cost, and 

Fig. 8 pro' . optimal average individual capability. 

If the prese: ge individual Capability is lower than 

the optimal, training will be required to achieve tht opti- 
mal level. It must be remembered that these operating 
points are dependent on the assumed annual turnover, and 
in Figs 7 and 8 it is 30%. 


If data value is chosen at $2M/year and a station size 
of 27, the minimum overall cost, from Fig. 7, is $480K/year 
and the optimal average individual capability, from Fig. 8, 
is 128 days. 


In all of the above exercises, the optimal data acquisi- 
tion efficiency and training policy are determined by the 
model as a result of the optimization. 


So far, we have seen how a wide range of information 
about station operation may be obtained by using the 
steady-state model. However, the use of F f steady-state 
model imposes two restrictions: 

(1) There is no net change in station capability. 

(2) An averaged value is used for available data. 

The dynamic model, which is an extension of the steady- 
state model, overcomes both of these difficulties. 


VIII. The Dynamic Model 

The dynamic model exhibits the effects that changing 
data values, average capability, and tu '.over have on 
operating policy. The total time span is divided into a 
sequence of segments, with each segment, or ftage, char- 
acterized by 

(1) Individual terminations with immediate replace- 
ment 

(2) Average individual capability at start of the time 
segment 

(3) Average individual capability at toe end of the time 
segment, which is dependent on the turnover and 
training policy during the time segment 


Figures 7 and 8 may be used in conjunction to deter- 
mine the station s “operating point/' 


(4) Available data value (used with the policy minimiz- 
ing overall cost CVL ) 


21 ? 
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Station size N is constant through all segments. 

The other inputs arc 1 
t = duration of each stage 
T = number of stages considered 

Tli steady-state model, considered in the preceding 
section, is actually a particular case of the dynamic model 
with r — 1 year and T = 1, and no change in capability. 

The dynamic model provides an operating policy, result- 
ing from optimizations based on an anticipated demar 1 
(data value profile or required minimum efficiency) undei 
specified constraints. The operating policy, and more 
specifically, the training policy, is a reflection of the overall 
long-term needs of the station rather than the effect of one 
stage alone. This is the essential difference from the 
steady-state r .odel. For example, an extremely high data 
tr alue (or required minimum efficiency) in stage 6 may in- 
iuence training policies through stages 3 to 5, as in train- 
ing in preparation for a launch. Let 

rjt = data acquisition efficiency in stage t 
CVLt = overall cost in stage t 

CVLT — ^C TT L t — sum of the overall cost in each stage 
CE - cash expenditure in stage t 

CET — ?.CE t — sum of the cash expenditure in each 
stage 

Three different versions of the dynamic model are used 
to deal with diffeient optimization requirements and 
constraints: 

Dynamic Model 1 
Optimization: Minimize CVLT 
Constraints: Training availabilit in each stage 

Dynamic Model 2 
Optimization: Minimize CVLT 
Constraints: Training availability in each stage 

Minimum required efficiency in speci- 
fied stages 

Dynamic Model 3 
Optimization: Minimize CET 
Constraints: Training availability in each stage 

Minimum required efficiency in each 
stage 

The minimization is based on a dynamic programming 
technique (Refs. 14, 15), proceeding in the forward direc- 
tion. The dynamic program has T stages, which are ihe 


ends of the time segments. The state variable is the 
average individual capability. The boundary condition, 
or starting point, is the initial average individual capa- 
bility at the station K n . 

Starring from there is a maximum and minimum 
average capability that can be achieved in any stage This 
corresponds to 100* formal training and no training, re- 
spectively, and is an inherent constraint on the average 
individual capability. 

Sample results from Dynamic Model 1 and Dynamic 
Model 2 are presented to illustrate the workings of the 
models. 

Sample results from Dynamic Model 1 art 1 illustrated in 
Figs. 9 and 10. A time span of 1 yea* is considered, 
divided into four stages, each of 3 months’ duration. 

Station <dze N is 30 men, and there are no constraints on 
training. There is no turnover during the entire time span. 

Jn this example, the data value increases to $2M /year 
in the fourth stage. Starting from an initial value o f 20 
days, the average individual capability levels off at 90 
days. The hulk of the training *s done during the first 
stage, when the data vahu* is lowest, with no training in 
the fourth stage. 

The data acquisition efficiency obtained as a result of 
minimizing the total overall cost CVLT is plotted in 
Fig. 10. The overall cost and cash expenditure per stage 
are also shown. The total cash expenditure ~ $250K. 

Sample results from Dynamic Model 2 are shown in 
Figs. 11 and 12. Station size N is 27 men, and them are no 
constraints on th^ quantity or type of training in any stage. 
A time span of 2 years is considered, divided into eight 
segments of 3 months each. 

The data value profile is a sawtooth type having a value 
$2000K year in stages 2, 4, 6, and 8 and $0K /year in the 
other four stages. A sawtooth data v alue profile is selected, 
since it is typical of missions. Missions are characterized 
by periods of high tracking requirements (launch, orbit 
insertion), separated by less demanding phases, such as the 
cruise phase. 

The initial average capability is 20 days. 

There is a mirimum efficiency constraint in stages 6 and 
8. The efficiency in both of these stages rr.u^t e xceed C ’35, 
corresponding typically to launch or encounter phases. 
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The turnover profile was generated by sampling from a 
Poisson distribution. The turnover through stages 1 to 8 is 
3, 5, 7, 7, 2, 1, 5, 2 men, respectively. This is 81? and 37? 
turnover for the 2 years, respectively. 

It is desired to find the operating policy to minimize 
the total overall cost CVL under the given constraints and 
input conditions. 

Maximum capability increases to 200 by the end of 
stage 5 and levels off, since, in practice, individuals seldom 
exceed this by much. 

Minimum capability decreases gradually (due to turn- 
over) to a level of 15 and then jumps to 160 in the sixth 
stage. This is the effect of a minimum efficiency constraint 
of 99? in stage 6. A capability of less th.ui 160 would result 
in the minimum efficiency constraint being violated. 

The optimal capability increases, through training, to 
reach 160 days at the start of the sixth stage. Training 
follows a sawtooth pattern which is a complement of the 
data value profile. 

In Fig. 12, the actual efficiency in stages 2 and 4 is in- 
fluenced by the data value in those stages. However, in 
stages 6 and 8, the minimum efficiency constraint is 
clearly the dominating influence. The actual efficiency, in 
general, has a profile similar to the data value, a conclu- 
sion which is not unexpected. 

The overall cost and cash expenditure through the 
stages are also shown in Fig. 12. The cash expenditure in 


stag'' i, 3 and 5 is high because of the training costs (100? 
Gaining in each stage). The cash expenditure averages to 
$450K year. 

Thus, the dynamic model provides an estimate of the 
demands that are placed upon the station, in terms of 
training and cash expenditure, to assist in formulating an 
operating policy which will meet future commitments. 

IX. Further Efforts 

We are presently in the process of applying this analysis 
to the recent developments at DSS 12, and expect to report 
on the following specific items: 

(1) Statistical relationship between salary and capa- 
bility (based on the new subsystem breakdown 
which became effective in July 1973) 

(2) Analysis of the capability lost during the actual 
attrition process 

(3) Analysis of the relationship between the qualifica- 
tion and certification program at DSS 12 and our 
method of measuring capability 

(4) Measures of past station performance which can be 
related to crew capability 

We are also developing a distributed capability model 
which will be able to optimize the allocation of individuals 
at the station to crews and training programs. A pre- 
liminary report of some of this work has been given in 
Refs. 1 and 3. 
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CVLT 

Fp 
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Ko 
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X 

P 

T 

ti 
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Table X. Definition of Symbols 

Definition 

Exponential index 
Formal training cost factor 
Data acquisition efficiency, % 

Data acquisition efficiency in stage t 

Number of men leaving/year, men/year 

Duration of each stage, months 

Value of available data, $K/year 

Cost of attrition, $K 

Cash expenditure, $K 

Cash expenditure in stage t, $K 

Sum of cash expenditure in each stage, $K 

Cost of overhead personnel, $K 

Hiring cost 

Salary of an individual, $K 

Cost of lost performance, $K 

Cost of salaries of operations personnel, $K 

Cost of training 

Overall cost 

Overall cost in stage t, $K 

Sum of overall cost in each stage, $K 

Performance factor 

Average capability of individuals in the station, days 

Initial average individual capability 

Number of crews 

X:iu:Le< cf men in the station 

Number of states in dynamic program 

Number of star*'* considered 

Fractional time spent in operating 

Fractional time spent in formal training 

Fractional time spent in on-the-job training 
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Fig. 1. The tracking station and its environment 



Fig. 2. Effect of training on data acquisition efficiency 
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The DSN Hydromechanical Service Program— 

A Second Look 

R. Smith and 0. Sumner 
DSN Facility Operations Office 


The DSN Hydromechanical Service Program has progressed satisfactorily along 
the lines originally intended . The restdts of oil sampling and analysis have been 
particularly re Wat ding, detecting early signs of near and forestalling catastrophic 
failures. 


Since the status report in Technical Report 32-1526 
(Vol. XIV, pp. 216-222), the program has progressed with 
gratifying results. Oil analysis is now being routinely per- 
formed for J! 26 i stations and, on request, at the 64- m 
stations. 

The past year of operation (Dec. 1972-Oct 1973) has 
provided many examples of the value of a centralized oil 
analysis program and a hydromechanics! repair facility 
in discovering anomalous conditions and providing restor- 
ative service: 

(1) A servo pump from DSS 12 showed an increase in 
metal particle count and was also reported to be 
somewhat noisy. Disassembly and an inspection 
revealed a missing spring retainer pin, excessive 
wear in the piston and shoe assembly, excessive 
wear in the creep plate, bad shaft bearings, dam- 
aged hanger clevis, and splitting of the shaft seal. 
It can be assumed that failure was imminent and 
that a catastrophic failure was averted as a result 
of oil analysis. The pump was overhauled, tested, 
and relumed to service. 


(2) A new 64-m antenna drive motor was received for 
testing prior to shipment to DSS 14. The test failed 
due to a seized check valve in the crosscheck mani- 
fold. The motor was returned to the manufacturer 
under warranty. If this motor had not been tested 
prior to installation, it would have resulted in a 
failure at DSS 14. The motor was retested after the 
repair and the test was satisfactory. The motor is 
currently m operation at DSS 14. 

(3) In December 1972, all 26-m antenna drive motors 
were drawn from network spares and shipped to 
the DSN Maintenance Center for testing prior to 
use in an exchange program. It was found that none 
of the motors was operational, and a major over- 
haul effort was required. 

(4) In F°eember 1972, an analysis of DSS 12 hydraulic 
oil revealed a high concentration of metal from 
pump number two. An inspection performed by 
station personnel revealed a failed hanger needle 
bearing. 
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(5) In May 1973, an analysis of DSS 62 hydraulic oil 
revealed a high concentration of metal from pump 
number two and severe depletion of oil viscosity 
improver. The station was subsequently requested 
to change the pump and to drain, clean and refill 
the system. The pump was returned to the DMC 
for maintenance. 

(6) In June 1973, an analysis of DSS 61 gear reducer 
oil revealed a high concentration of water in the 
hour-angle east gear reducer. A recommendation 
was made to drain the gear reducers, spray the 
interior with isopropyl alcohol to absorb the water, 
add approximately 76 1 of new oil and agitate with 
compressed air for 2 h, then drain the gear reducer 
and refill with new oil. After 30 days of operations, 
a sample was submitted for analysis and showed 
water content well below the oil specifications. 

(7) In July 1973, an analysis of DSS 14 gear reducer 
oil revealed high metal concentration and depletion 
of viscosity improver. Oil was changed on all gear 
reducers. 

(8) In August 1973, an analysis of DSS 43 and DSS 63 
gear reducer oil revealed very heavy contamination. 
The two systems were drained, flushed, inspected. 


and refilled. An analysis of the oil presently in use 
will be done in the near future. 

(9) Figures 1 and 2 show the rotating group of a 64-m 
antenna drive motor removed from DSS 42 because 
of blown seals and a faulty crossfeed valve. Inter- 
nal inspection revealed that a complete separation 
of the rotating group had occurred, resulting in 
severe damage to the cylinder block, seizure of one 
piston in the block, and separation of the piston 
from the shoe. A new rotating group was installed, 
and the motor was tested for smooth operation and 
static tested prior to being returned to the station. 

A complete change of pumps and motors is near com- 
pletion at DSSs 11 and 12. Already there has been a sig- 
nificant improvement in the contamination levels from 
these two stations during routine oil analysis. 

In the near future, routine oil analysis will be facili- 
tated for the 64-m antenna systems. The program to 
exchange hydraulic components with rebuilt and serial- 
ized components will continue until all stations are com- 
pleted. Then the equipment will be monitored through 
oil analysis and recording of operational time on the 
components. These two factors will determine frequency 
of replacement. 
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Network Command System Performance Test 
Report for Mariner Venus/Mercury 1973 

B. Falin 

Network Operations Office 


This article presents a description of Network Command System Performance 
Tests that were executed throughout the DSN in support of the MVM’73 project. 


I. Introduction 

The purpose of this article is to describe the Network 
Command System Perfoimance Test (SPT) conducted at 
each DSN station in preparation for the MVM73 mission, 
and to report the status of each station at the time of 
launch. The objectives of the performance tests will be 
discussed, along with a description of the various sections 
of the test procedure. Problems uncovered and their solu- 
tions will also be discussed. The SPT is contained in Sec- 
tion II of Ref. 1. 

II. Objectives 

The overall objective of the Network Command SPT 
is to verify that the Network Command System can sup- 


port MVM73 operational capabilities. These capabilities 
are defined in various documents, such as Refs. 2 and 3. 
A more general statement would be to verify each sla- 
tions capability to provide the correct modulation mode, 
phase-shift keyed (PSK) with pseudo-noise (PN) synchro- 
nization (sync). More specific objectives are: 

(1) To perform integration testing on telemetry and 
command processor (TCP) operational software. 

(2) To verify station capabilities after hardware or soft- 
ware changes. 

(3) To verify command capability while processing 
telemetry in the same TCP computer. 

(4) To train station personnel with TCP operational 
software. 
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(5) To provide the stations with a prepass readiness 
test. 

During the SPT, the f elemetry and command data 
handling subsystem (TCD) operational program DOI- 
5050-OP Model A, was exclusively used in the TCP. 

III. Test Procedure Format 

In this section, the format of the SPT, which will pro- 
vide a description of the tests that were performed, will 
be presented. The SPT is divided into four main sections: 
Countdown, Manual Mode, Automatic Mode, and Reli- 
ability. The complete testing can be performed in approxi- 
mately six hours per TCD. 

A. Countdown 

The Countdown section is used as a prepass readiness 
test that is performed prior to the data transfer test with 
Network Operations. Using the appropriate TCP opera- 
tional software, command capability is verified in the 
manual and remote mode of operations. The modulation 
index is adjusted and measured. Monitor interface is veri- 
fied. Both timed and nontimed commands are transmitted. 

B. Manual Mode Tests 

In this section, the same type of testing is performed as 
in the Countdown section. Additional tests are performed 
on Command Modulator Assembly (CMA) configurations 
and TCP program manipulation. The ability to record . nd 
recover command data from an analog tape is performed. 

C. Automatic Mode Tests 

The automatic test uses the digital instrumentation 
subsystem (D1S) computer to simulate remote command 
operations. Special test software is used in the DIS to 
process certain programmed test sequences that can be 
independently selected by an operator, Each test sequence 
generates the command data, predicts results and verifies 
command data from the TCP, by utilizing high-speed 
data (HSD) interface to the TCP. These test sequences 
are processed automatically, and the results are output to 
the operator. All HSD blocks are automatically checked 
against Ref. 2. The programmed test sequences are: 

(1) CMA mode changes. 

(2) Monitor interface. 

(3) CMA operational alarms and aborts. 

(a) Symbol rate. 

(b) Subcan ler frequency. 


(c) Command register and marker bit failure 
detection. 

(d) PN sync quality. 

(e) Data quality. 

(f) PSK data to PN sync ratio. 

(4) Exciter interface alarms and aborts. 

(5) Time command accura y. 

(6) Stack warnings. 

(7) PN generator failure detection. 

0. Reliability Tests 

In the reliability tests, the capability to command and 
to process telemetry in the same computer is demon- 
strated. Continuous commanding is exercised while 
processing telemetry at bit rates of 33M*, 2450, and 117.6 
kilobits/s. Commanding consists of priority commands on 
26-s centers and timed commands on 30-s centers. The 
DIS computer is used to generate the command data, to 
process the command data from the TCP, and to process 
the telemetry data for errors. This type of testing is per- 
formed continuously for four hours per TCD. 

An appendix has been added to the reliability section 
giving the stations the capability to test the PN generators 
used to generate the PN sync signal. This was developed 
after detecting bit rate alarms at some stations during the 
first SPTs. In this peculiar test, the 511-bit PN sequences 
generated by the CMA are processed as a 51 l-bit/s telem- 
etry channel. The processed telemetry is checked at the 
DIS for bit errors in the PN sequence. PN sequences con- 
taining bit errors are dumped on a lir e printer. 

IV. Problems 

In the following paragraph, .he problems uncovered 
and the solutions to them will be discussed. 

A. PSK Data to PN Sync Ratio 

The majority of the stations did not have the correct 
ratio. Analog adjustments within the CMA were made to 
obtain the correct ratio. The repair depot procedures 
changed to reflect the correct ratio adjustments on the 
CMA analog drawers. 

B. Subcarrier Frequency Alarms and Aborts 

Two stations experienced this problem only during 
reliability testing while processing 2450-bit/s telemetry. 
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Engineering change order (ECO) 73-023 was installed in 
the CMA clock counter interface to eliminate the noise 
problem on TCP pin/pot 1; nes. 

C. Bit Rate Alarms and Watch Dog Time Failures 

DSSs 12, 14, and 42 experienced this problem. This 
condition was corrected at DSSs 12 and 42 by analog 
adjustments. However, at Station 14, an emergency ECO 
was installed as a temporary solution. The final solution 
for all DSSs is currently being implemented by the Cogni- 
zant Operating Engineer (COE). During operations, the 
bit rate warning limits are narrow to enable detection of 
bit .ate errors caused by PN generator failures. 

D. Exciter Confirmation Phase Detector 

Most stations reported excessive dc drifting on the out- 
put of the exciter’s confirmation phase detector. The drift 


was more pronounced at some stations. As a result, com- 
mand confirmation was changed to use the local confirma- 
tion within the CMA. During the investigation, a wrong 
value capacitor that had been installed at the factory 
was discovered. Installing a capacitor of the correct value 
enabled the 2G-m DSSs to meet specifications. However, 
a different problem exists at the 64-m DSS with Pro- 
grammed Oscillator Control Assembly (POCA) installa- 
tion. The development section is still working on a 
solution to this problem. 

V. Status at Launch 

DSSs 12, 14, 62, 63, and 71 had successfully completed 
and passed all command system tests. DSS 42/43 com- 
pleted and passed approximately 80% of the command sys- 
tem test. DSSs 11 and 51 were not required to perform 
the tests. 
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